






































Das Ziel der vorliegenden Arbeit ist es den Einfluss von strukturell
gebundenem Wasser auf das unterkritische Risswachstum in silikatischen
Gläsern zu untersuchen. Der Prozess des unterkritischen Risswachstums
beschreibt das langsame Voranschreiten eines Risses in einem Material
bei Anliegen einer unterkritischen, d.h. nicht zum unmittelbaren Versagen
des Materials führenden, Spannung. Im Fall von silikatischen Gläsern
ist bekannt, dass die Anwesenheit von Wasser zu einer Hydrolyse des
Si-O-Netzwerkes, insbesondere an der Rissspitze, führt und somit einen
Anstieg der Rissausbreitungsgeschwindigkeit zur Folge hat.
Um die Bedingungen an der Rissspitze nachzustellen, wurden in der
vorliegenden Arbeit Gläser mit strukturellen Wassergehalten cW >20 mol%
synthetisiert und mittels einer Kombination verschiedener Analyse-
methoden untersucht. Thermoanalytische Messungen zeigen, dass der
Einbau von Wasser in Natrium-Borosilikatgläsern die Glasübergang-
stemperatur Tg um bis zu 45% absenkt. Darüber hinaus wurde mittels
dynamisch-mechanischer Thermoanalyse nachgewiesen, dass die durch
Wassermoleküle verursachte β-Relaxation bereits bei einer Temperatur
von 57 °C feststellbar ist. Letzteres legt nahe, dass diese Form der
mechanischen Relaxation in wasserreichen Regionen des Glases, wie sie
an der Rissspitze vorzufinden sind, bereits bei Raumtemperatur einen
Beitrag zum unterkritischen Risswachstum in silikatischen Gläsern leisten
könnte.
Messungen der elastischen Eigenschaften von Kalk-Natron-Silikatgläsern
zeigten weiterhin, dass die Querkontraktionszahl positiv mit dem Wasser-
gehalt korreliert. Gleichzeitig nehmen die Dichte, die Vickershärte sowie
die elastischen Konstanten der untersuchten Gläser mit zunehmendem
Wassergehalt ab. Härtemessungen in Toluol, Stickstoff sowie Luft deuten
darauf hin, dass ein zeitabhängiger Erweichungseffekt sowohl bei Messung
von nominell wasserfreien Gläsern in feuchter Luft als auch bei Messung
von wasserhaltigen Gläsern in trockener Atmosphäre nachweisbar ist.
Um den Einfluss des strukturell gebundenen Wassers auf das Risswachs-
tum der untersuchten Gläser beschreiben zu können, wurde weiterhin
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der stochastische Charakter von Radialrissen, welche durch eine Vickers-
pyramide induziert wurden, analysiert. Durch Anwendung statistischer
Verfahren wurde gezeigt, dass eine Vergleichbarkeit von Daten der
Eindruckbruchmechanik mit Daten von herkömmlichen Messverfahren nur
dann gegeben ist, wenn eine statistisch signifikante Anzahl von Rissdaten
vorhanden ist. Mit den Ergebnissen der Analyse wurde eine statistisch
basierte Transferfunktion entwickelt, die einen Vergleich von Daten der
Eindruckbruchmechanik mit denen von herkömmlichen Methoden erlaubt.
Mittels des statistisch basierten Ansatzes wurde anschließend der Einfluss
des strukturell gebundenen Wassers auf das Risswachstum in Kalk-Natron-
Silikatgläsern untersucht. Es konnte gezeigt werden, dass die Anwesenheit
von Luftfeuchte einen stärkeren Einfluss auf das unterkritische Risswachs-
tum hat als strukturell gebundenes Wasser. Messungen in wasserarmer
Stickstoffatmosphäre konnten jedoch auch zeigen, dass ein zunehmender
struktureller Wassergehalt eine Abnahme des Risswachstumsexponenten
zur Folge hat, was darauf hindeutet, dass Wasser unabhängig von seiner




The aim of the present thesis is to investigate the influence of structurally
bound water on the subcritical crack growth in silicate glasses. The
process of subcritical crack growth describes the slow propagation of a
crack in a material in presence of a subcritical, i.e. not to immediate
failure leading, stress. In the case of silicate glasses, it is known that the
presence of water leads to hydrolysis of the Si-O network, especially at
the crack tip, and thus to an increase in the crack propagation rate.
In order to mimic the conditions at the crack tip, glasses with structural
water contents cW > 20 mol% were synthesized and analyzed using a com-
bination of different analysis methods. Thermoanalytical measurements
show that the incorporation of water into sodium borosilicate glasses
lowers the glass transition temperature Tg by up to 45%. In addition,
it was demonstrated by means of dynamic mechanical analysis that the
β-relaxation caused by water molecules can already be observed at a
temperature of 57 °C. The latter suggests that this form of mechanical
relaxation in water-rich regions of the glass, such as those found at the
crack tip, could contribute to subcritical crack growth in silicate glasses
at room temperature.
Measurements of the elastic properties of soda-lime glasses also showed
that the Poisson’s number correlates positively with the water content.
Simultaneously, the density, the Vickers hardness and the elastic
constants of the glasses decrease with increasing water content. Hardness
measurements in toluene, nitrogen and air indicate that a time-dependent
softening effect can be observed when measuring both nominally water-free
glasses in humid air and measuring hydrous glasses in a dry atmosphere.
In order to be able to describe the influence of the structurally bound
water on the crack growth of the investigated glasses, the stochastic nature
of radial cracks, which were induced by a Vickers indenter, was analyzed.
The application of statistical methods showed that data from indentation
fracture toughness can be compared with data from conventional fracture
toughness methods only, if there is a statistically significant number of
crack data available. With the results of the analyses, a statistically based
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transfer function was developed, which allows a direct comparison of data
from indentation fracture toughness with that of conventional fracture
toughness methods.
Subsequently, the influence of structurally bound water on the crack
growth was investigated using the statistically based approach. It
was shown that the presence of humidity has a stronger influence on
the subcritical crack growth than structurally bound water. However,
measurements in a dry nitrogen atmosphere also showed that an increasing
water content leads to a decrease in the crack growth exponent, which
indicates that water promotes crack growth at the crack tip regardless of
its origin (i.e. air humidity vs. glass structure).
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"Zur Methode wird nur der getrieben, dem die Empirie lästig wird"
- Johann Wolfgang von Goethe (1749-1832)
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Modern applications such as architectural glasses, smartphone displays
and fiber optics have become an important part of our daily lives over
the last decades. However, it is also well known that the application of
glasses for modern and conventional applications is limited due to the
brittleness of the material when subjected to mechanical stresses [1]. With
theoretical strengths of more than 30 GPa, inorganic glasses belong to
the strongest man-made materials that can be produced on an industrial
scale [1], [2]. Nevertheless, experimentally derived bending strengths of
soda-lime float glasses yield values of 45 MPa only, which is far below
the theoretical strength of a glass [1]–[3]. Due to these differences, it
is necessary, to distinguish between the intrinsic and practical strength
of glasses. The deviation of the practical strength from the theoretical
strength is governed by the presence of flaws, especially on the materials
surface, and the materials tendency to interact with the surrounding
atmosphere, i.e. with the humidity [4]–[13]. When glasses are exposed
to mechanical stresses, e.g. tensile stresses, cracks are extending from
surface flaws through the bulk because stresses accumulate at the tips of
the flaws [14]. Figure 1.1 shows that this effect can reduce the materials
strength over several orders of magnitude.
Furthermore, figure 1.1 shows that the reduction in strength can be
displayed as a function of the flaw depth on the materials surface. Using
1
1. General introduction
an elliptic flaw as descriptive model for a real surface flaw on a glass plate,
Inglis [14] developed an approach to describe the stress at the crack tip
assuming an ideal linear-elastic behavior. In his study Inglis found out
that the stress at the crack tip depends on the crack length and the tip






with σlocal = stress concentration at the crack tip, σapp = applied
(tensile) stress, c = crack length/flaw depth and r = crack tip radius. As
shown by equation 1.1, the stresses at the crack tip are increased when
the crack tip radius is small and the crack length increases, which is the
case for a propagating crack in a glass.
Figure 1.1: Strength of glasses versus flaw depth. The data show that the strength
of glasses is decreasing with an increasing flaw depth. The flaw depth is furthermore
related to different surface conditions and types of flaws. Image redrawn after [8].
Based on the findings of Inglis, Griffith developed an energy balance of
the process of crack propagation in a linear-elastic material [15]. Therefore,
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Griffith related the strain energy release, i.e. the energy that is released
due to the breakage of strained bonds, and the bond energy, i.e. the
energy that is needed to break the bonds in the material [16]. Figure
1.2 exemplary represents such an energy balance for an arbitrary crack.
The figure shows that the strain energy decreases with increasing crack
length, since the bonds, which are strained by the application of a stress,
break. However, with increasing crack length c also the number of bonds
that needs to be broken increases. Thus, the bond energy is increasing
linearly with an increasing crack length. The summation of both energies
reveals a parabolic shaped curve, showing an energetic maximum that is
related to a certain crack length. If the crack length is increasing above
this energy maximum, the internal energy of the material will decrease
with further increasing crack length, ultimately leading to the materials
failure. Thus, this crack length is referred to as critical crack length ccrit.
By differentiating the sum curve of energies for the crack length, the
critical crack length ccrit can be related to a critical stress σcrit, which is













Figure 1.2: Example of Griffith’s energy balance. The sum (green asterisk) of
the two energies 1) strain energy release (blue squares) and 2) bond energy (red
dots) contributing to crack propagation shows a maximum at a particular crack
length. This crack length is defined as the critical crack length ccrit since the material
decreases its internal energy with a further increase in crack length. Figure modified
after [17].
Apart from the critical crack growth another crack propagation process
acts at stresses < σcrit, which is referred to as subcritical crack growth
(SCCG). SCCG, also known as delayed fracture [13], is often preceding
the failure due to critical crack growth and can have an impact on the
materials strength as depicted in figure 1.1 (static fatigue effect) [8]. The
effect of SCCG was first observed by Milligan in 1929 [18], who noted
that scratched glasses, which are in contact with water, show a strength
decrease of up to 20%. Further studies of Charles & Hillig then provided
a mechanistic description of the SCCG [9]–[11], [19]. However, it was
Wiederhorn in 1967 [12] who published a coherent and systematic set of
data that describes the influence of water vapor, i.e. humidity, on the
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crack growth of glasses. In his study, Wiederhorn measured the crack
propagation rates as a function of the applied load for various levels of
humidity. Figure 1.3 shows the dependence of the crack propagation rate
ν as a function of the stress intensity factor KI (KI = σapp(πc)0.5) at
various levels of humidity [12]. The diagram shows that ν increases with
increasing humidity for a given KI .
Figure 1.3: Crack propagation rate ν versus stress intensity factor KI for
measurements at different levels of humidity. The diagram shows that ν increases
for a given KI with increasing humidity. Figure after [12].
Furthermore, the diagram shows that the ν-KI-curves can be sub-
divided into three different regions or stages (I, II and III). Based on
the fatigue theory of Charles & Hillig, Wiederhorn describes that the
crack propagation rate in Region I of the ν-KI-diagram is governed
by the hydrolysis rate of the Si-O-bonds at the crack tip, based on the
reaction H2O + ≡Si-O-Si≡−→≡2SiOH [9], [12], [19]. With increasing crack
propagation rate a change in the rate limiting parameter is observed. Due
5
1. General introduction
to a high consumption of water molecules in later stages of region I, the
crack propagation rate in region II is limited by the transport rate of
water to the crack tip [12]. This limitation is reflected by the plateaus
shown in figure 1.3, indicating that ν is independent of KI . In region
III, however, ν again shows a strong dependence on the applied stress.
The unification of all curves of different humidity implies that the crack
propagation rate in region III depends on the intrinsic properties of the
tested material rather than the test environment [12], [20]. Thus, region
III of the ν-KI diagram is referred to as inert crack growth [12].
Based on these findings, numerous studies were published to increase
the understanding of the process of subcritical crack growth. These
studies showed that water is adsorbed at the crack tip leading to stress
corrosion [21], a reduction in surface energy [22] and bond strength [23],
[24]. However, crack propagation is also affected by water molecules that
enter the glass structure at the crack tip [25]. This process is additionally
accelerated by the presence of tensile stresses [24], [26]. As a consequence,
local changes of the mechanical relaxation and elastic moduli are induced
in the vicinity of the crack tip, leading to a complex interplay of different
mechanisms [27].
Because it is difficult to measure the influence of water on the processes
at the crack tip in-situ, the present thesis consists of four chapters
aiming to provide macroscopically scaled information by mimicking the
processes at the crack tip. In the first two parts (chapters 3 and 4) the
influence of structurally bound water on the mechanical properties of
hydrous glasses is analyzed. It is supposed that the mechanical relaxation
and the elastic constants, including the Poisson’s ratio, are subject to
changes upon the addition of water into the glass structure. As both
the mechanical relaxation and the elastic constants are supposed to have
significant influences on the subcritical crack growth of glasses, as was
found by various authors [12], [16], [20], [28]–[30], the results presented
in the first two parts of this study may contribute to a more accurate
understanding of SCCG. As the quantity and sample size of the hydrous
glasses that are investigated in this thesis are limited to approximately
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5×20×1 mm3, standard methods for measuring fracture mechanical
parameters are limited either in feasibility or in statistical significance.
Because alternative test methods like Indentation Fracture Toughness
(IFT) are widely discussed because of their statistical significance and the
unknown stress distribution during crack propagation [31], [32], chapter 5
of this study provides a statistically based approach to use IFT methods
for the estimation of the fracture mechanical parameter KI . In chapter
6 of this thesis, the influence of structurally bound water is tested for
soda-lime silica glasses with up to 6 wt% water. Based on the results
of the data presented by chapter 5, the experiments were conducted
using Vickers indentation to induce cracks in the glasses. To provide
statistical significance, more than 3200 cracks of the hydrous glasses were
analyzed. In order to distinguish between the effects of both, structurally
bound water and humidity on the crack growth, the experiments were
additionally carried out in two different atmospheres with low and high
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• Copyright: © 2018. This manuscript version is made available under
the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-
nc-nd/4.0/
• Status: published
• Authors and their contribution to the publication
– P. Kiefer: measurement of sphere penetration viscometry (SPV)
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– H. Behrens, U. Bauer, S. Reinsch, R. Müller, J. Deubener:
conception and design of the study, preparation of hydrous glasses,
draft of the manuscript, revision of the manuscript
• Year: 2018
• Title: Structural relaxation mechanisms in hydrous sodium borosili-
cate glasses




• Content and relevance within the thesis:
The publication analyses the effects of water on the mechanical and
thermal properties of sodium borosilicate glasses (16Na2O-10B2O3-74SiO2)
with up to 22 mol% H2O.
Differential thermal analyses showed that the glass transition temperature
Tg and the isokom temperature T12, measured by viscometry, are in
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2.1 Structural relaxation mechanisms in hydrous sodium borosilicate
glasses
excellent agreement and confirm that enthalpy and viscous relaxation
can be considered as equal. Furthermore, a combination of Tg data with
quantitative information about the water speciation revealed that the
decrease in Tg upon hydration correlates with the amount of OH groups
in the glass rather than with the content of molecular water.
Measurements of the internal friction show that molecular water is highly
influencing the mechanical relaxations withing the hydrous glasses, thus
confirming the observations made by previous authors [29]. The internal
friction measurements revealed that the temperature range of the α-
relaxation, i.e. glass transition, strongly decreases from 670 to 450 K
upon hydration of the glasses from 0.01 to 5 wt%. Along with the
temperature decrease of the α-Relaxation, a β-relaxation mode that
is related to molecular water, is detectable within the internal friction
spectra at 380 and 330 K, respectively for glasses containing 3 and 5 wt%
of water, also confirming the results of previous authors made for other
glass compositions [29]. The results of the study provide new insights
about the role of water during the network relaxation in hydrous sodium
borosilicate glasses, but also confirm the findings of other authors made
for glasses with different composition (i.e. soda-lime silicate glasses) [29].
Because it is supposed that water can diffuse into the glass network at
the crack tip, the findings made by this study represent an indication
about the effect on the local relaxation behavior at the crack tip during
(sub-)critical crack growth.
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silica glasses
• Copyright: © 2019. This manuscript version is made available under
the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-
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• Status: published
• Authors and their contribution to the publication
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programming of software, data evaluation, draft of manuscript
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R. Müller: conception and design of the study, preparation of
hydrous glasses, discussion of results, revision of the manuscript
• Year: 2019
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• Content and relevance within the thesis:
The publication describes the effects of increasing water contents on
the density, elastic constants and indentation hardness of soda-lime-silica
glasses. For this purpose, commercially available soda-lime-silica glasses
were hydrated up to water contents of 21.5 mol%. The main target of the
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soda-lime-silica glasses
study was to investigate the influence of water on the elastic constants of
hydrous glasses but also to investigate the influence of water on the Vickers
hardness of such glasses, with respect to the origin of water, i.e. structural
water or humidity. Ultrasound measurements revealed that the Poisson’s
ratio correlates positively with increasing water contents. In contrast, it
was found that the density and elastic constants of the analyzed glasses
decrease upon hydration. Simultaneously, for the glass with 21.5 mol% of
water, it was found that the Vickers hardness decreased by approximately
27% when compared to a dry glass of the same chemical composition.
Moreover, the results show that the changes in the elastic constants
induced by water are non-linear, reflecting the non-linear changes in OH
and H2O concentrations in the glasses upon hydration. The measurements
of the Vickers hardness in toluene, nitrogen and air revealed that a time-
dependent softening effect is observable in two scenarios, i.e. i) testing a
hydrous glass in dry atmospheres and ii) testing dry glasses in a humid
atmosphere. The results of the study provide new insights about how
water is affecting the elastic constants of glasses. In addition, the observed
softening effect suggests that water can relax stressed glasses, independent
of its origin.
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• Status: published
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• Content and relevance within the thesis:
The publication explores the stochastic nature of crack nucleation
by Vickers indentation in a commercial soda-lime-silica glass. Because
the sample dimensions of hydrous glasses are limited by the preparation
technique, standard methods, i.e. double cantilever beam (DCB), for
measuring fracture mechanical parameters like KI(C) are limited either
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2.3 Statistical analysis of propagation rates of indentation-induced radial
cracks in soda-lime-silicate glass
in feasibility or statistical significance. Additionally, indentation fracture
toughness (IFT) methods are under discussion in literature because these
methods often apply empirical equations that were developed based on
data of numerous materials [31]–[33]. Thus, IFT methods are reported
to yield relative uncertainties of KI of up to ±50% [34]. In order to
increase the accuracy and to use IFT methods for the estimation of
fracture mechanical parameters of hydrous glasses, the main scope of the
study was to investigate the stochastic nature of nucleation and growth
of Vickers induced radial cracks and to align these data with data from
fracture mechanical standard tests. In-situ observation of crack nucleation
and growth revealed that the crack propagation rates are controlled by
the interactions of the glass network at the crack tip and the environment,
shortly, i.e. <1 s, after the crack is initiated. The analysis of 185 Vickers
induced radial cracks showed that both, the residual stress factor χ and
the exponent n of the equation KI=χPc−n (with P = load and c = crack
length) are broadly distributed. An analysis of the distributions of χ and
n revealed that the most frequent values of χ and n are 0.052 and 1.47,
respectively. The study shows that a correlation of indentation induced
crack lengths to the stress intensity KI(C) requires the application of
statistically significant data that are calibrated by the reactions of the
glass network at the crack tip with the atmosphere. In context of this
thesis the study provides a new approach that can be applied to estimate
the fracture mechanical parameter KI by IFT methods.
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• Content and relevance within the thesis:
The publication investigates the impact of structural and ambient
water on the static fatigue of hydrous glasses. For this purpose the
statistical approach that was developed in the publication “Kiefer et al.
2020 - Statistical analysis of propagation rates of indentation-induced
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radial cracks in soda-lime-silicate glass” [35], was applied on 3279 Vickers
induced radial cracks. It was found that humidity has a higher efficiency
than structurally bound water considering the initiation and propagation
of cracks. Measurements in dry nitrogen gas showed that the crack growth
exponent n decreases upon hydration, while repetitive measurements in
air showed that the crack exponent n remains constant but the stress
intensity χ is reduced. The observations made in this study suggest
that water promotes crack propagation independent of its origin but
also that ambient water, i.e. humidity, is the more efficient agent. The
results of this study reassemble the observations made in the previous
publications of this thesis and provide new insights about the influence of
both, structurally bound water and humidity on the crack propagation
in soda-lime-silica glasses. Along with the data of Waurischk et al. and
McMillan, [36], [37], the results presented in this publication represent
some of the first fracture mechanical data for hydrous anorganic, non-
metallic glasses. By this, the data enable for a more precise description
of the impact of water on crack initiation and propagation, which was
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3. Structural relaxation mechanisms in hydrous sodium borosilicate glasses
Abstract
Borosilicate glasses (16Na2O–10B2O3–74SiO2, NBS) with water contents
up to 22 mol% H2O were prepared to study the effect of water on structural
relaxation using DTA, viscometry and internal friction measurements.
The results show that the glass transition temperature Tg of DTA and
the isokom temperature T12, of viscometry are in excellent agreement,
confirming the equivalence of enthalpy and viscous relaxation for NBS
glass. Combining Tg data with water speciation data demonstrates that
OH groups are mainly responsible for the decrease of Tg with increasing
hydration, while molecular water plays only a minor role. Internal friction
spectra at 7.125 Hz confirm the decisive influence of water on mechanical
relaxation. The temperature range of α-relaxation (glass transition)
strongly decreases while two β-relaxation peaks (sub-Tg) progressively
appear with increasing water content. A high temperature β-relaxation
peak, attributed to the presence of OH groups, shifts from 670 to 450 K
as total water content increases from 0.01 to 5 wt%. A low temperature
β-relaxation peak, attributed to molecular water, appears at 380 K and
330 K in glasses containing 3 and 5 wt% H2O, respectively. These findings
suggest that relaxation mechanism of different hydrous species at low
temperature may contribute to fatigue of stressed glasses.
3.1 Introduction
It is well known that water plays an important role in the structure and
properties of silicate melts and glasses. This is particularly the case for
natural glasses, in which several weight percent of water can be dissolved
due to elevated pressures [38], [39]. The investigation of water in industrial
relevant glasses is also a crucial issue, since water has drastic influence
on mechanical relaxation phenomena. Viscosity can be strongly reduced
upon hydration [40], e.g., ≈3 wt% water decreases the glass transition
temperature Tg by more than 30% for numerous glasses. Stress relaxation
is also enhanced, a phenomenon used for instance to strengthen glass
20
3.1 Introduction
fibers by exposing them to water vapor under stress [30], [41] Furthermore,
low temperature processes in glasses such as internal friction [42], [43],
aging [44], crack growth and fatigue [12], [25], [45] may be affected even
by small amounts of water. For instance, ambient moisture can enhance
subcritical growth rate in soda-lime-silicate glass by up to 4 orders of
magnitude [20]. Such sub-Tg processes can be of relevance also in nature,
e.g. in the fragmentation of ascending magmas during volcanic eruptions.
Wiederhorn [20] showed that subcritical crack growth (SCCG) is strongly
affected by the mechanical properties of the crack tip near the cohesive
region. Water can be easily adsorbed at the crack tip, leading to stress
corrosion [21], reduction in surface energy [22], and bond strength [23].
However, crack propagation can also be affected by entry of water into
the glass structure at the crack tip [25], accelerated by tensile stress at
the crack tip [26]. As a consequence, mechanical relaxation and elastic
moduli change locally very strongly [27]. Since these local phenomena are
difficult to measure in situ, we used studies on hydrous glasses to mimic
such relaxation phenomena.
Network relaxation in the range of the glass transition is well investigated
for a wide range of hydrous and anhydrous silicate and aluminosilicate
glasses [39], [46], [47]. Considerably less information is available about
relaxation processes in hydrous boron-bearing glasses. It is known that
water in glasses is present as two main species in glasses: as molecular
water (H2Omol) and as dissociated water forming OH groups [48]–[51].
In silicate and aluminosilicate glasses the strongest decrease of the glass
transition temperature Tg upon incorporation of water occurs in the
range of low water contents (≤2 wt% H2O), where OH groups are the
predominant water species. At water contents above ~3 wt% the content
of hydroxyl groups apparently level off, and the amount of molecular
water rises strongly. This trend is a consequence of the decrease in
fictive temperature of the glass with increasing water content, i.e. water
speciation is frozen in at lower temperatures.
Only a few studies on the speciation of water in borosilicate and
boroaluminosilicate glasses with high water contents (up to 10 wt% H2O)
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are available [48], [49], [52], [53]. These studies revealed that OH groups
are increasingly stabilized with increasing boron content. While molecular
water is the dominant water species at water contents >7 wt% H2O in
borosilicate and boroaluminosilicate glasses, only ~1 wt% molecular H2O
was found in soda-lime borate glasses with 7.5 wt% H2O [50].
In the three-component model of Tomozawa [51] the influence of water
species and dry glass component was considered to model the decrease of
the glass transition temperature with increasing water content. Deubener
et al. [40] applied this concept to a variety of silicate and aluminosilicate
glasses and showed that the effect of OH groups on Tg is by far stronger
compared to that of molecular water in these compositions. The limitation
of this concept so far has been that the applied water speciation data
measured on the glasses do not represent Tg since the cooling rate of the
glasses differs from the standard cooling rate [54].
There is only rare knowledge about the influence of total water and
water species on sub-Tg relaxation in oxide glasses [29]. Internal friction
measurements indicate up to three relaxation modes in glasses. These
modes are often denoted as α-, β-, and γ- relaxation in the order of
decreasing temperature [55]–[57]. The dominating α-relaxation mode is
mainly responsible for viscous flow, stress relaxation and internal friction
at elevated temperatures [55]. Typically, only the low-temperature flank
of this broad peak can be measured, and the maximum is supposed to be
close to Tg. With increasing water content, the α-relaxation peak and Tg
shift to lower temperatures [42], [55], [58].
In some glasses an additional relaxation mechanism, labelled as β-
relaxation, has been observed as a shoulder on the low temperature
flank of the α-relaxation peak and has been assigned to movements of
non-bridging oxygens (NBOs) [43], [57], cooperative movements of equal or
dissimilar mobile species such as alkali or alkaline-earth ions [55], [59]–[64]
or movements within a cluster of alkaline-earth cations [57]. In water-
poor (≤ 0.3 wt% H2O) phosphate, borate and silicate glasses β-relaxation
was correlated with cooperative motions of alkali ions and neighboring
protons [65]–[69]. β-relaxation phenomena in glasses with high water
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contents, when a significant amount of molecular water is present, are
rarely investigated. In the study of Reinsch et al. [29] two distinct β-
relaxation peaks in mechanical loss spectra were attributed to dynamics
of OH groups and molecular water in hydrated silicate glasses (≤1.9 wt%
H2O). The relaxation mode of H2Omol was found to be faster compared
to OH groups and is probably caused by jumps of H2O molecules between
adjacent cavities in the network. It is worth noting that rotation of H2O
molecules around their bisector axis, another low temperature process in
hydrous glasses identified by NMR spectroscopy and quasielastic neutron
scattering, is too fast to contribute to the β-relaxation peak [70], [71].
In contrast to α-relaxation, which governs global network relaxation,
β-relaxation may be considered as a more regional process embedded
within the much more rigid global network.
The γ- relaxation mode, observed at temperatures < 373 K [72], is
attributed to the motion of alkalis, since the range of activation energies
(Eγ ≈ 63 − 105 kJ mol−1) [73] resembles those of alkali diffusion (63 -
84 kJ mol−1) [43]. In contrast to α- and β-relaxation, γ-relaxation is
more a local phenomenon.
Our study is aimed to improve the understanding of the influence of
water content and speciation on mechanical relaxation in borosilicate
glasses using differential thermal analysis (DTA), sphere penetration
viscometry (SPV), and dynamic mechanical analysis (DMA) to study
relaxation mechanisms. The composition of the investigated borosilicate
glass (16 mol% Na2O, 10 mol% B2O3 and 74 mol% SiO2) was chosen as
representative for a technical glass since the borosilicate crown glass BK7
from Schott AG is very similar in composition. A detailed characterization
of the anhydrous and hydrous borosilicate glass structure was published in
Bauer et al. [50], including analysis of water speciation, boron speciation
as well as Qn-speciation (SiO4 tetrahedron with n = number of bridging
oxygen).
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3.2 Experimental and analytical methods
3.2.1 Sample preparation
For the synthesis of the borosilicate glass a powder mixture of Na2CO3,
B2O3 and SiO2 was used. A detailed description of the synthesis is
given in Bauer et al. [50]. Samples with 0.2 wt% H2O were synthesized
from the base glass in 110 ml alumina crucibles by re-melting and water
steam bubbling at 1753 K and 0.5 MPa argon pressure within 3 hours.
Subsequently, the temperature was lowered, and the melt was cooled with
3 K/min through the regime of (Tg ± 150 K) to avoid internal stress
in the glasses. The procedure was described in the study of Reinsch et
al. [29]. Electron probe microanalysis indicate ca. 4 wt% Al2O3 in this
particular glass. Consistency of experimental data with the other (Al-free)
glasses implies that this contamination has minor effect on our study. All
samples with water contents ≥ 0.5 wt% were synthesized in an internally
heated pressure vessel (IHPV) at 500 MPa and 1423 K for 14 - 20 hours
using the same procedure as given in [50]. Cooling rate in the regime
of glass transition was ~8 K/s for NBS0-500MPa, NBS0.5 and NBS1,
~6 K/s for NBS3 and ~3.5 K/s for NBS5. The water-rich glass NBS8 was
quenched much faster (~200 K/s) to avoid crystallization during cooling.
3.2.2 Differential thermal analysis
The glass transition temperature, Tg, was determined by differential
thermal analysis in air using 15 - 20 mg of glass pieces or powdered glass
placed in Pt-crucibles (thermobalance TAG 24, Setaram, Caluire, France).
The same measurement routine and data evaluation (tangent method)
was applied to hydrous borate glasses, and Tg values were found to be in
perfect agreement with isokom temperatures (T12) at which the viscosity
equals 1012 Pa·s [50]. For each sample four heating and cooling cycles
with 10 K min−1 were applied. The maximum temperature did not exceed
Tg by more than 50 K. The first cycle represents the fictive temperature
Tf of the glasses, since the cooling history of the samples reflects the
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status of quenching after IHPV synthesis. The following three cycles were
used for the determination of Tg. Definition of Tf and Tg is based on the
onset of the endothermic step in the DTA curve according to Mazurin
[74], [75]. The average Tg values for all investigated glasses are included
in table 3.1.
In order to detect a possible loss of water of high water-bearing glasses,
the thermal gravimetric (TG) signal was simultaneously recorded during
DTA measurement. Additionally, a mass spectrometer (MS, Balzers
Quadstar 421) was used for analysis of evolved gases, coupled to the
DTA by a heated (453 K) quartz glass capillary. Neither a significant
mass loss nor a distinct signal for water by mass spectroscopy could be
detected. The good reproducibility of Tg determination further supports
a negligible water loss during the DTA procedure. The maximum error
of temperature for this method is ±5 K.
Table 3.1: Water contents and DTA results of samples used in this study.
cH2O(t) Tf Tg Tg Tg Tg
1st run 2nd run 3rd run 4th run mean further analysis
[wt%] [K] [K] [K] [K] [K]
NBS0(0.1MPa)∗ 0.010 ± 0.001 850 845 846 846 847 ± 2 SPV, DMA
NBS1 0.89 ± 0.05 722 721 723 720 721 ± 2 SPV
NBS3 2.82 ± 0.08 613 603 600 604 602 ± 2
NBS3c 3.14 ± 0.05 575 568 570 573 570 ± 3 NMR, SPV
NBS5 4.64 ± 0.10 529 549 553 552 551 ± 2
NBS5c 5.00 ± 0.06 536 528 531 530 530 ± 2 NMR, SPV
NBS8c 7.96 ± 0.09 465 467 470 466 465 ± 2 NMR, Raman
NBS0.2b∗ 0.23 ± 0.05 DMA
NBS0.5b-I 0.56 ± 0.10 DMA
NBS0.5b-II 0.57 ± 0.07
NBS3b-I 2.99 ± 0.11 DMA, Raman
NBS3b-II 2.82 ± 0.08
NBS5b-I 4.86 ± 0.11 DMA, Raman
NBS5b-II 4.54 ± 0.08
Notes. Numbers in the sample name refer to the nominal water content. Letter b
characterizes samples synthesized for DMA and letter c indicates samples which were
also analyzed by NMR spectroscopy. I or II in the sample name refer to glass pieces
from both ends of the sample. cH2O(t) is the total water content measured with KFT
except for samples labeled with∗, for which mid-infrared spectroscopy was used for
determination (see [52] for more information).
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3.2.3 Sphere penetration viscometry (SPV)
Viscosity data were obtained by sphere penetration measurements.
Cylindrical samples with diameters of ~6 mm and heights of 1-2 mm were
sliced from the synthesized glasses. Coplanar surfaces were obtained by
grinding and polishing the sample surfaces.
The vertical dilatometer (VIS 404, Bähr GmbH) is equipped with a
pushing rod made of silica glass and a sapphire sphere (radius r =
0.75 mm). The force applied on the pushing rod was adjusted to 3.9 N.
The temperature was controlled with an S-type thermocouple (Pt-PtRh)
placed in the vicinity (2 - 3 mm) of the sample surface. The thermal
gradient along the sample axis was less than ±1 K mm−1. Considering the
accuracy of thermocouples and measurement equipment, the maximum
error on the temperature is ±5 K.
A linear variable displacement transducer continuously recorded the
indentation depth of the sapphire sphere into the glass. The shear







with η = Newton viscosity, F = applied force, t = time, r = radius
of the sphere, L = cumulative indentation depth and δl = indentation
within a measurement interval δt.
The system was calibrated by the standard glass G1 of the Physikalisch-
Technische Bundesanstalt (PTB) [77]. Viscosity data of the standard
glass G1 were reproduced with a standard deviation of ±0.10 in log units.
The measurements were performed on a set of dry and hydrous NBS
glasses (see table 3.2 for details). The first two runs reported in table 3.2
were conducted on two different samples from the same synthesis charge.
In the case of NBS1 runs 3 and 4 are repeated measurements on samples
which were previously used in run 1 and 2, respectively.
The temperature program of the anhydrous NBS glass and the glass with
1 wt% H2O include several temperature steps (dwell times between 30-
250 min) within one run (table 3.2), since the low water-bearing samples
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are expected to be not sensitive to water loss at the chosen temperatures.
The temperature program for samples with higher water contents (NBS3c
and NBS5c) was subdivided into three steps (TII = TI + 10 K and TIII
= TI) with dwell times of 150 to 200 min for viscosities close to 1012 Pa·s,
while for viscosities in the range of 1011 - 1010 Pa·s dwell times of 100 min
were selected. This program was chosen to avoid on the one hand long
exposure of samples to elevated temperatures and thus risk of water loss,
and on the other hand to check for any water loss during the viscosity
measurement. To reach the first dwell temperature, a heating rate of
20 K min−1 was applied. In subsequent steps heating or cooling rates of
5 K min−1 were used.
3.2.4 Dynamic mechanical analysis
Internal friction measurements were made by dynamic mechanical analysis
(DMA). A sinusoidal force is applied on the sample, and the force, the
displacement of the sample and the phase shift, δ, between force and
displacement curves are measured. Tan δ is often referred to as the
mechanical loss.
The used DMA analyzer (Gabo Eplexor 150 N, Ahlden, Germany)
was operated in asymmetric three-point bending mode performing
temperature-frequency sweeps at 4 N static force and 2 N dynamic
force. Dynamic force and displacement were measured with a 25 N force
detector and an inductive displacement transducer, respectively. Dry and
hydrous NBS glass bars, typically 2 x 5 x 25 mm3 in size, were measured
from 173 K up to temperatures close to Tg. It was not possible to reach
the glass transition temperature due to progressive viscous bending of
the sample under the applied static load (see also discussion below). Loss
data below 273 K could be affected by sample surface icing when operated
in air. Such data were not further considered.
The mechanical loss spectra were evaluated with OriginPro2016. The
spectra have been smoothed using a moving average of 15 data points. The
average data scatter around the smoothed curves is ∆tan δ = ±5·10−4.
For clarity the lowest point of each spectrum was shifted to zero.
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Table 3.2: Viscosity data of nominal dry NBS glass (NBS0-0.1 MPa) and hydrous
NBS glasses (NBS1, NBS3c and NBS5c).
NBS0-0.1MPa NBS1 NBS3c NBS5c









1 834 12.75 1 715 12.04 1 615 11.07 1 534 12.45
839 12.46 720 11.81 625 10.66 539 12.09
844 12.22 725 11.56 615 11.15 534 12.29
849 12.00 730 11.35
853 11.71 716 11.86 2 607 11.62 2 546 11.11
859 11.46 612 11.42 556 10.65
864 11.23 2 704 12.75 607 11.73 546 11.23
869 11.01 715 12.13
874 10.80 720 11.84
879 10.60 725 11.59
730 11.37
2 837 12.57 716 12.02
847 12.13
857 11.61 3 707 12.52





Avis -29.8 ± 0.5 -23.2 ± 1.7 -25.2 ± 3.7 -35.5 ± 5.0
Bvis× 10−4 3.55 ± 0.04 2.52 ± 0.12 2.24 ± 0.22 2.55 ± 0.27
T12 850 716 600 538
Notes. Avis and Bvis are the Arrhenian parameters derived from the equation lg(η) =
Avis + Bvis / T . T12 is the isokom temperature (see text for details).
3.3 Results
3.3.1 Glass transition temperature
Results of Tg and Tf determination are already reported in Bauer et al.
[52] but are discussed here in more detail in view of relaxation processes in
the glasses. Although heating and cooling rates during DTA are smaller
than the quench rates applied during synthesis, significant difference
between the fictive temperature Tf and the glass transition temperature
Tg was only observed for sample NBS5 with 20 K lower value for Tf (table
3.2). The good agreement of the data is probably due to the relatively
small differences in the cooling/heating rates by at most a factor of 5
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(except for the rapidly quenched sample NBS8), and to effects of fictive
pressure. While the isobarically quenched synthesis products represent a
fictive pressure of 500 MPa, during the first upscan of DTA the glasses are
relaxed to ambient pressure. Increasing fictive pressure shifts the onset of
enthalpy relaxation towards higher temperature [78]. This counteracts
the effect of faster cooling after synthesis compared to heating during
DTA.
Figure 3.1: Records of DTA-TG-MS measurements on sample NBS5. The solid
red line is the DTA signal showing the onset of the glass transition endotherm upon
ca. 6 min of heating which corresponds to a Tg of 529 K. Black dashed lines show the
ion currents of the mass channels m/e17 (OH), m/e18 (H2O) and, for comparison,
m/e44 (CO2) during DTA measurement (red line). The solid black line represents
the temperature evolution during experiment, and the blue line represents the mass
change of the sample during the analysis.
No significant change in sample mass was observed for the hydrous
sample NSB5 even for temperatures exceeding 600 K, i.e. 50 K higher than
the measured Tg (figure 3.1). In addition, the simultaneously recorded ion
currents for the masses 18 (H2O) and 17 (OH) show no changes during
DTA measurement. Both results give evidence for negligible water loss
during heating. The very good reproducibility of Tg values determined
from three heating cycles supports this statement.
3.3.2 Viscosity
The viscosity of anhydrous and hydrous NBS glasses with water contents
up to 5 wt% H2O was measured in the range of 1010.60 - 1012.75 Pa·s. An
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example of an experimental record of temperature and viscosity is shown
in fig. 3.2 for a run with NBS5c at temperatures just above Tg. Only a
small increase in viscosity of ~0.1 log units between the first and the last
temperature step (TI = TIII) has been observed, indicating that only a
marginal amount of water was lost during the viscosity measurement on
this water-rich sample.
Figure 3.2: Sphere penetration experiment of NBS5c. The temperature is marked
with a blue line (left ordinate) Temperatures of the steps I, II, and III are 546 K,
556 K, and 546 K, respectively. The corresponding viscosities (11.11 Pa · s, 10.65 Pa
· s and 11.23 Pa · s) are marked with black dots (right ordinate). The red line is
intended as visual guide to facilitate the comparison of viscosities between the first
and last temperature step.
Data for two samples of NBS1 processed in four measurement series
are in perfect agreement (table 3.2, figure 3.3). For instance, the viscosity
in the first run is 1011.35 Pa · s at 730 K, 1011.37 Pa · s at 730 K in the
second run, and 1011.30 Pa · s at 733 K in the last run. These data
demonstrate high reproducibility of measurements and confirm absence
of water loss during high temperature treatment of water-poor glasses.
The dependence of viscosity on temperature is presented in figure 3.3.
The largest temperature range was probed with the anhydrous NBS glass.
Within this T-range the data are well described by an Arrhenian equation






The number of data points and the T-ranges are smaller for hydrous
samples, but straight line behavior is evident also in these cases. The
Arrhenian parameters Avis and Bvis as well as the derived T12 data of the
measured samples are given in table 3.2.
Figure 3.3: Viscosity vs. reciprocal temperature of hydrous and anhydrous NBS
glasses. Solid lines are the best linear fit of eq. 3.1 through the data. The dashed
line is intended for the determination of the isokom temperature T12 for which the
Newtonian viscosity is 1012 Pa·s (T12 ≈ Tg).
3.3.3 Internal friction
Figure 3.4 shows the smoothed mechanical loss spectra of a nominal dry
NBS glass and glasses containing between 0.23 and 4.70 wt% H2O. The
figure exemplary shows internal friction data for f = 7.125 s−1. Although
slightly shifted in temperature, data for other frequencies were similar
in shape and are not shown here. As already mentioned, the maximum
of the α-relaxation peak is not accessible by the experimental technique,
and only its low temperature flank can be probed. Nevertheless, a shift
of the α-relaxation peak towards lower temperature upon hydration is
evident, consistent with DTA and viscosity measurements.
In the spectrum of the nominally dry sample NBS0-0.1MPa a sub-Tg
31
3. Structural relaxation mechanisms in hydrous sodium borosilicate glasses
relaxation peak at ~313 K can be seen. With the addition of water, this
peak slightly shifts towards higher temperatures and decreases significantly
in its height until it diminishes at 0.50 wt% H2O. On the other hand, a
broad shoulder develops at 650 K after the addition of 0.23 wt% H2O
(figure 3.8). The height of this relaxation mode increases and the peak
shifts towards lower temperature with further addition of water.
Figure 3.4: Mechanical loss (tan δ) as a function of temperature for f = 7.125 Hz
for the uncompressed nominal dry and hydrous NBS glasses. Symbols represent the
measured data points. The cumulative fit curve is shown for better visualization
(solid lines). See also figure 3.7 for better resolved spectra.
3.4 Discussion
3.4.1 α-relaxation mechanism in oxide glasses
Tg measured by DTA and the isokom temperature T12 derived from
sphere penetration viscometry are in very good agreement (figure 3.5).
For comparison Tg and T12 data of different silicate [79], [80], borate [50],
and aluminosilicate glasses [80]–[83] are shown in figure 3.5. The latter
ones are particularly suitable for comparison with borosilicate glasses
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due to structural similarities. In aluminosilicate glasses with sufficient
alkali and alkaline earth elements for charge compensation, aluminum
is predominantly coordinated by four oxygens. Only minor amounts
of five-fold and six-fold coordinated aluminum have been detected by
NMR spectroscopy in virtually completely polymerized glasses, such as
albite or anorthite (25 CaO, 25 Al2O3, 50 SiO2 mol%) glass [72]–[75],
[84]–[87]. With the addition of water, aluminum is still preferentially
tetrahedrally coordinated, and only a minor increase of higher coordinated
Al species has been found [84], [85], [87], [88]. As in the case of
aluminosilicate and boroaluminosilicate glasses silicon favors strongly
the four-fold coordination state in borosilicate glasses, regardless of the
added water [49], [88]–[90]. In contrast, a considerable change in boron
coordination by hydration was observed for borosilicate glass [52]. In
anhydrous NBS glass 88% of the boron is tetrahedrally coordinated. After
the addition of 3 wt% H2O basically all three-fold coordinated boron is
transformed into four-fold coordination.
The effect of H2O on Tg for NBS is very similar to another alkali-rich
silicate glass, phonolite, [81] as indicated by the nearly parallel trends in
figure 3.5. A stronger initial decrease of Tg upon hydration is visible for
albite and rhyolite glasses compared to phonolite glasses. As discussed
in Bouhifd et al. [81] and previous studies on the effect of water on
aluminosilicate glasses e.g. [76], [77], the influence of water is more
pronounced on polymerized glasses than on glasses already containing
some non-bridging oxygen (NBO). This is easy to explain by the relative
change in the abundance of broken T-O-T bonds with addition of water.
For polymerized melts containing already 1 - 2 wt% H2O, the effect of
further addition of water on viscosity and glass transition temperature
becomes similar to depolymerized melts.
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Figure 3.5: Dependence of the glass transition temperature on water content
for silicate, aluminosilicate, borosilicate and borate glasses. Tg refers to results
of DTA measurements, T12 was calculated from viscosity data. Lines represent
calculations by viscosity equations for rhyolite and andesite, and trends based on
experimental data for other compositions: albite [81], rhyolite [80], dacite [83],
phonolite [81], andesite [82], float glass [91], NCB15 [50]. Albite, rhyolite, dacite,
phonolite, and andesite are synthetic multicomponent aluminosilicate glasses of
compositions representing those of natural igneous rocks. Chemical compositions of
the anhydrous glasses are given in table 3.3).
The degree of depolymerization in glasses is often expressed by the
ratio of non-bridging oxygen over tetrahedra cations (NBO/T). NBO/T of
the glasses considered here is calculated considering the content of network
modifier oxides (Na2O + CaO + K2O + MgO) and all network forming
oxides (SiO2, Al2O3, B2O3) and refers always to dry composition. For
simplicity we assume for silica-rich glasses that all boron is 4-coordinated.
Then, NBO/T is given as NBO/T=2·((Na2O + K2O + MgO + CaO)
- (Al2O3 + B2O3))/ (SiO2 + 2·Al2O3 + 2·B2O3). Data are included in
table 3.2. Glasses containing significant amounts of iron (»1 wt%) are not
considered due to the complex structural role of ferrous and ferric iron
making an assignment to network former and network modifier ambiguous.
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Table 3.3: Compositions of glasses reported in figure 3.5 (in mol%).
NBS albite rhyolite dacite phonolite andesite float glass NCB
SiO2 74.03 75.30 82.78 69.49 65.40 62.46 71.39
TiO2 0.07 0.43 0.66 0.02 0.00
Al2O3 12.07 8.07 12.67 12.72 13.41 0.44
B2O3 9.97 74.71
FeOtot 0.90 0.05 0.07
MgO 0.05 3.74 3.10 8.65 5.79
CaO 0.60 7.60 2.80 10.73 9.52 10.33
Na2O 16.00 12.62 4.17 4.94 10.04 3.48 12.62 15.18
K2O 3.36 1.14 5.28 1.20 0.16
NBO/T 0.13 0.01 0.00 0.10 0.19 0.24 0.76 n.d.
Reference [52] [81] [83] [81] [82] [91] [50]
n.d. = not defined
Data of dry albite glass [81] and rhyolite glass [80], which are completely
polymerized (NBO/T ≈ 0), show a very steep decrease of the glass
transition temperature at low water content but only a smooth dependence
at high water contents. Slightly depolymerized systems (dacite, NBO/T
= 0.10 [83]; phonolite, NBO/T = 0.19 [81]; andesite, NBO/T = 0.24 [82])
are initially less sensitive to addition of water while at high water contents
the evolution with water content is rather similar to polymerized melts.
It is worth noting that hydrous albite and rhyolite melts have even lower
Tg than dacite and andesite melts with the same water content, pointing
to a strengthening role of alkaline earth elements in the melt. The trend
for NBS glass (NBO/T=0.13) fits well to aluminosilicate glasses.
At water contents >0.1 wt% the dependence of T12 on H2O content is
much weaker for float glass than for aluminosilicates and borosilicates,
consistent with the high NBO/T of 0.76 [91]. At very low water contents
there appears to be a stronger effect of water on float glass, but data
show a relatively large scatter, probably due to uncertainty in water
determination. The glass transition temperature of soda lime borate glass
varies only slightly with water content in the whole H2O range. This can
be explained by weak B-O-B connections in borate glasses, resulting in
already low viscosity in the anhydrous melt.
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3.4.2 Effect of glass composition and water specia-
tion on network depolymerization
The type and the species of the network forming cations, as well as
the initial degree of polymerization are important parameters for the
evolution of depolymerization upon hydration (see previous section).
Another parameter influencing the depolymerization of hydrous glasses is
the water species distribution. In contrast to water molecules, formation of
hydroxyl group strongly decreases network connectivity. The stabilization
of hydroxyl groups or molecular water depends strongly on the composition
of the oxide glass system. OH groups dominate only at water contents
≤4 wt% in silicate [92] and aluminosilicate glasses [49], [93]. Boron
strongly supports formation of hydroxyl groups in the glasses [49], [50].
For instance, 80% of the dissociated water species and only 20% molecular
water are present at 8 wt% H2O in soda lime borate glasses [50].
A three-component model to compare and to quantify the individual
contributions of OH groups, molecular water and the dry glass on Tg was
proposed by Tomozawa et al. [51]. Based on this model Tg of different
glass compositions were compared in the study of Deubener et al. [40]
using the reduced glass transition temperature T ∗g =
Tg
T GNg
, where T GNg
is the glass transition temperature for a nominal dry glass containing
0.02 wt% total water:
T ∗g =
1.01 · cG + 0.22 · AOH · cOH + 0.22 · BH2O · cH2Omol
cG + A · +cOH + BH2O · cH2Omol
, (3.3)
where cG, cH2Omol and cOH denote the weight fractions of anhydrous
glass, of molecular water and of water dissolved as OH groups, respectively.
Parameters AOH and BH2O describe the influence of hydroxyl groups and
molecular water on the reduced glass transition temperature, respectively.
Tg* data for various compositions plotted in Ref. [40] show large variation
which reflect compositional effects but may be affected also by differences
in water speciation measured on glasses at room temperature compared
to the equilibrium speciation at Tg. In order to evaluate composition
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effects on parameter AOH and BH2O, we consider only glasses, for which
equilibrium concentrations of hydrous species could be calculated for Tg.
The water speciation reaction can be expressed as [94]
H2O(m) + O(m) = 2OH(m), (3.4)
where O represent all network oxygen, i.e. all oxygen which is not
bound to hydrogen and m denotes the melt state. Assuming ideal mixing






where brackets signify mole fractions of the species on a single oxygen
basis [95]. The temperature dependence of K can be expressed by [95]




where Aws and Bws are specific parameters for each melt composition.
In table 3.4 the constants for eqn.(3.5) are summarized for the compo-
sitions of interest in our study. For rhyolite, different water speciation
data are reported in literature, see [95]. In our calculations of T ∗g we
have used the data based on in situ infrared spectroscopy of a simple
rhyolite melt published in [96]. For albite and dacite, water speciation
equations from [97] and [98] have been applied. New equations calculated
for andesite, NBS, float glass and soda lime borate glass NCB15 are also
reported in table 3.1. These equations were derived with the assumption
that water speciation measured in glasses at room temperature represents
the equilibrium speciation in the melt at the fictive temperature Tf of
the glass [95]. For NBS and NCB15 Tf was directly measured by DTA.
For andesite and float glass Tf was derived from viscosity-temperature
relationships. According to Scherer [99] the melt is frozen in during
quench at a specific viscosity depending on the cooling rate q of the
experiment (log η = 11.3 – log q). The procedure is described in [95].
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Table 3.4: Water speciation in melts, Tg determinations and results of T ∗g modeling
using eqn. (3.2).
Composition NBO/T Water speciation Tg Data sources T ∗g modelling (eqn. 3.2)
ln K (eqn. 3.5) T range (K) AOH BH2O Ref.
albite 0.01 3.51 - 4065 /T 709 - 892 DSC [81], [97] 86.2 ± 1.9 4.0 ± 1
this
study
rhyolite 0.00 3.33 - 4210 /T 773 - 1073 Visc [80], [96] 64.9 ± 1.7 3.4 ± 1
this
study
dacite 0.10 2.88 - 3567 /T 753 - 863 Visc [83], [98] 40.9 ± 2.0 2.5 ± 2 this study
NBS 0.13 2.14 - 1805 /T 465 - 722 DTA this study 26.8 ± 1.9 7.1 ± 3 this study




glass 0.76 8.81 - 7091 /T 596 - 760 Visc [91], [92] 23.4 ± 1.3 7.7 ± 1
this
study
22.9 ± 1.1 6.9 ± 1 [91]
soda-lime
borate n.d. 2.05 - 580 /T 509 - 675 DTA [50], [100] 11.4 ± 0.2 0.0
this
study
NCB15 11.7 1.8 [100]
Notes. NBO/T represents the nominal anhydrous glass. The BH2O parameter is
statistically not constrained. Fitting is sufficient with the AOH parameter only. n.d. =
not defined.
Figure 3.6a shows the reduced glass transition temperature as a
function of the water content for selected silicate, borate, aluminosilicate
and borosilicate glasses. A shift towards higher water contents with
increasing melt depolymerisation is visible at intermediate Tg* values.
For each glass composition, parameters AOH and BH2O were determined
by fitting to eqn. (3.2). Fit parameters for float glass and soda lime glass
based on water speciation calculated for Tg do not differ significantly from
previous evaluation based on water speciation measured on the glasses.
This demonstrates that the variations which can be seen in fig. 3.6a and
b mainly originate from compositional effects and are not significantly
affected by the fictive temperature. Fitting indicates that molecular water
has little to negligible effect on Tg* for all glasses (table 3.4). An average
of 3.7 ± 3.0 is obtained for the B parameter considering all data in table
3.4.
A systematic non-linear variation of the AOH parameter as a function
of NBO/T is evident from figure 3.6b with a strong increase of A with
decreasing NBO/T below 0.20 and a roughly constant value of AOH in
the NBO/T range of 0.2 - 0.8. Thus, for aluminosilicates, borosilicates
and silicates with intermediate degree of depolymerization the effect of
water species on depression of Tg* can be estimated using AOH = 21 and




Figure 3.6: a) Reduced glass transition temperature Tg*=Tg/ T GNg vs. water
content for selected oxide glasses. The weighting parameters AOH and BH2O for
the determination of the reduced glass transition temperature and corresponding
literature are listed in table 3.4 for the different compositions. b) Parameter AOH
and BH2O in eqn.(3.2) vs. degree of depolymerization expressed as NBO/T. BH2O
is roughly constant in the NBO/T range of 0.13 – 0.77.
It is worth noting that the trend for silica-rich compositions cannot be
transferred to borate glasses. NCB15 has a molar composition of 15 Na2O
– 10 CaO – 75 B2O3, and negligible NBO is present in the glass [44].
However, the AOH value is very low with 11.4 ± 0.2, a consequence of
weak B-O-B bonds in the glasses.
3.4.3 Effect of H2O on internal friction
In order to separate contributions of different relaxation mechanisms,
the mechanical loss spectra were deconvoluted into Gaussians as shown
in figure 3.7. Gaussians have been chosen for fitting for the sake of
simplicity and because of the smooth and broad temperature dependence
of relaxation, which would not allow fitting more complicated models.
In all cases three Gaussians were sufficient to reproduce the spectral
features.
The peak at highest temperature is assigned to the α-relaxation [43],
[55], [58], i.e. the structural relaxation at the glass transition. Due to
technical difficulties, the α-relaxation peak is only poorly constrained
by experimental data points. Because of the frequency dependence of
α-relaxation, the temperature of the peak maximum, Tα, cannot be simply
approximated by the Tg values listed in table 3.1. Knowledge of the shear
39
3. Structural relaxation mechanisms in hydrous sodium borosilicate glasses
modulus (G∞) would be required for an estimation of Tα from Tg (see
[29]) but this value is not known for the NBS glasses. In the study on
soda-lime silicate glasses Reinsch et al. [29] found that Tα is ca. 40 K
higher than Tg at a frequency of f = 7.125 Hz. As an approximation, this
relationship was used as a constraint for fitting of the α-peaks of NBS
glasses. A second constraint in fitting of the α peaks was the assumption
of similar peak heights (figure 3.4), following the schematic representation
of internal friction peaks in alkali silicate glasses of Brückner [55].
We are aware that this fitting procedure induces an uncertainty in the
determination of the temperature and peak height, especially for the
β-mode, which appears as a shoulder of the α-relaxation. In order
to estimate the influence of the evaluation method we compared two
different approaches with different peak heights and temperatures of the
α-relaxation mode for a water-rich (NBS5b) and a water-poor (NBS0.5b)
sample. Peak height/temperature combinations were 0.05/590 K and
0.02/553 K for NBS5b, and 0.03/843 K and 0.02/798 K for NBS0.5b. For
both water contents neither the height nor the temperature of the α-peak
was found to have noticeable effect on the sub-Tg modes.
The low temperature peak at ~313 K in the dry NBS glass is attributed
to γ-relaxation which is in line with internal friction measurements
on different silicate glasses [55], [73], [101]. Its shift towards higher
temperature and its decrease in height with the addition of water is
consistent with observations on hydrous soda-lime silica glass [29] and
sodium silicate glass [69]. Based on these trends, this γ-peak seems to
disappear at > 1 wt% H2O (see figure 3.8). A second sub-Tg relaxation
peak at ≈650 K is clearly visible for the NBS glass with 0.23 wt%.
Confirming the study of Reinsch et al. [29] on hydrous soda-lime silica
glass and findings reported in the review of Day [58], this peak is attributed
to a water induced β-relaxation process. Its height increases whereas its
maximum temperature decreases with increasing water content (figure
3.8).
At 3 wt% water a new peak appears at similar temperature at which
the γ-relaxation peak is observed in the spectra of water-poor glasses.
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With increasing water content the height of this peak increases while its
position shifts to lower temperature (figure 3.8), consistent with trends
observed for β-relaxation peaks [58]. In the study of Reinsch et al. [29]
on soda-lime silicate glasses a single β-relaxation peak was observed at
water contents up to 0.24 wt%, and a second peak arises at water contents
>1 wt%. The peak at higher temperature was attributed to OH groups
(βOH) and the one at the lower temperature flank to a mode related to
molecular water (βH2O). In the case of soda-lime silicate glasses it can be
clearly distinguished between these two β-relaxation modes, whereas in
the mechanical loss spectra of the NBS glasses in this work we observe
only one broad β-relaxation peak at water contents <3 wt% (blue dashed
line in fig. 3.7). Only upon further water addition it is possible to identify
a second β-relaxation mode (3 wt% and 5 wt% H2O in figure 3.7, dashed
green line) and, consistent with [29], we attribute this mode to βH2O.
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Figure 3.7: Deconvoluted mechanical loss spectra of anhydrous and hydrous NBS
glasses at f = 7.125 Hz. Note the disappearance of the γ-peak above 0.5 wt% H2O
and the appearance of a second β-relaxation mode in NBS3b (see text for details).
Color code for fitting curves: black – α; blue – βOH , green – βH2O; red – γ.
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The derived peak heights as well as the peak temperature positions of
the relaxation modes are plotted as a function of the total water content
in figure 3.8a,b. The temperature of the βOH-peak moderately decreases
upon hydration. The trend is similar to the α-relaxation peak but less
pronounced. At the same time the intensity of the βOH-peak increases
due to the increasing amount of OH groups in the glasses. The most
pronounced increase is observed from 3 to 5 wt% H2O (figure 3.8b). In this
range of water contents, the βH2O-mode appears, shifts slightly towards
lower temperature and rises in height. In contrast, the γ-relaxation peak
shifts strongly to higher temperature and decreases in intensity until it
diminishes at ca. 1 wt% H2O.
Figure 3.8: Temperature (a) and height (b) of DMA relaxation peaks (α, βOH ,
βH2O, and γ) vs. water content for f= 7.125 Hz. The dashed line illustrates
the estimated peak temperatures and heights for the only partially measurable
α-relaxation mode (see text for details). Lines are intended as visual guides. For
comparison Tg values determined with DTA are presented in (a) for NBS glasses
with similar water contents (open circles, NBS3 and NBS5, see table 3.1).
The derived data supports the assignment of the relaxation modes
in the study of Reinsch et al. [29] and is consistent with the evolution
of water species distribution in the NBS glasses [52]. OH groups are
the dominating water species up to 7 wt% H2O. Significant amounts of
molecular water are first present at 3 wt% H2O and increase strongly
between 3 and 5 wt% H2O. The newly appearing peak assigned to βH2O
may be caused by molecular water itself or by a cooperative movement
with sodium comparable with relaxation modes in mixed alkali silicate
glasses [43].
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3.5 Conclusions
Different relaxation mechanisms are operative in oxide glasses, depending
on composition and temperature. Water plays a particular role in these
processes since it strongly enhances network relaxation and, thus, reduces
glass transition temperatures. The three-component model proposed by
Tomozawa et al. [51] and modified by Deubener et al. [40] is suitable
to describe the influence of water species on the reduced glass transition
temperature, T ∗g . While the parameter BH2O, which weighs the influence
of molecular water in the model, is small and roughly constant for a variety
of glass compositions, the parameter AOH , describing the influence of
OH groups, depends strongly on composition, i.e. for highly polymerized
silicate systems. At intermediate degree of polymerization a constant value
of AOH of 21 can be used to estimate Tg of hydrous silicate, borosilicate
and aluminosilicate melts. However, it should be noted that this approach
cannot be applied to oxide glasses with weak intertetrahedral bonding,
e.g. borate glasses, for which the AOH parameter is noticeably smaller.
As shown by internal friction measurements, water not only affects the
so called α relaxation but also the low temperature sub-Tg relaxation
modes, which become more pronounced in sodium borosilicate glasses
with increasing water content. Using water speciation data, these modes
were assigned to β-relaxations involving OH groups and H2O molecules.
In water-rich glass regions, water induced β-relaxation processes can
occur even close to room temperature. This may have implications for
understanding the mechanisms of subcritical crack growth, i.e. water-
related relaxation mechanisms may play a crucial role at crack tips and
affect the velocity of crack propagation. Since β-relaxation mechanisms
are operative even at room temperature in water-rich glasses, we expect
major contributions of such processes to aging and fatigue of glasses, at
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Abstract
The effect of structural water on density, elastic constants and
microhardness of water-bearing soda-lime-silica glasses of up to 21.5 mol%
total water is studied by buoyancy, ultrasonic echography and Vickers
indentation. It is found that the Poisson’s ratio and the water content
are positively correlated, while density and the elastic moduli decrease
with increasing water content. In parallel to the elastic moduli, Vickers
hardness decreases by approximately 27% from the dry to the most
hydrous glass. For small water fractions (< 3 mol%), the dependencies
are non-linear reflecting the non-linear change in the concentrations
of OH and H2O molecules dissolved in the glass structure, whereas
for higher water fraction linear dependencies are found. According to
the concept of partial molar properties, water in the glass structure is
mechanically soft and quasi incompressible with a Poisson’s ratio close
to 0.5. To distinguish the effect of structural water and environmental
water, indentations were performed in toluene, nitrogen gas and air.
Time-dependent softening was evident for testing dry glasses in humid
atmospheres as well as for tests of hydrous glasses in dry atmospheres.
The results indicate that the response times of dissolved water species
are effectively equal in both scenarios.
4.1 Introduction
Water is a common trace constituent of conventional soda-lime-silica
glasses that enters into the network structure when melted in atmospheres
containing steam [102]. In industrial glasses the total water content is
typically assumed to be 40 mol water per m3 melt for air-gas-fired glass
furnaces and >70 mol water per m3 melt for oxygen-gas fired furnaces,
i.e. 0.03-0.05 wt% [103], [104]. Using an electrical resistance furnace for
melting in air, which complies with standard laboratory conditions, a
slightly lower water content is reported (on average 0.02 wt%) [40]. The
dissolution of water into the glass melt can be formally described on basis
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of the reaction between a bridging oxygen of the glassy network with
a H2O molecule of the steam forming two OH groups in the melt [94].
Thus, the total dissolved water content under equilibrium conditions is
proportional to the square root of the water vapor pressure. The range
of concentrations of dissolved water in soda-lime-silica glasses can be
slightly broadened by bubbling with dry or wet gases at ambient pressure
[105]. On the other hand, several wt% of water can be dissolved in
soda-lime-silica melts at high confining pressures [91], [92], [106].
Assuming an ideal behavior of the oxygen-bearing species in the melt, the
concentrations of silanol groups (Si-OH), bridging oxygen (Si-O-Si) and
water molecules (H2O) are predicted by the reaction, i.e. Si-O-Si + H2O =
2 Si-OH. As for liquid silicates the temperature derivative of the reaction
constant is generally positive, cooling the glass melt favors formation of
H2O molecules [107]. The resulting H2O-to-OH ratio is frozen-in at the
glass transition, i.e. the corresponding fictive temperature, leading to a
higher OH content for rapidly quenched glasses [95]. Evidence for the
presence of OH groups and H2O molecules in the interior of soda-lime-
silica glasses comes inter alia from near-infrared spectroscopy [91], [92],
[106], low temperature static 1H NMR spectroscopy [92] and dynamic
mechanical analysis [29]. In contrast, water speciation is more complex at
the surface of soda-lime-silica glasses, as humidity interacts with adsorbed
hydrous species and triggers multicomponent diffusion processes of OH-
groups, water molecules and counteracting ions, such as Na+, leading to
concentration gradients within a hydrous dealkalized surface region [108].
For hygroscopic sodium silicate glasses a strong decrease in density,
Young’s modulus and hardness has been reported, which was based
on the deleterious effect of water in depolymerizing the glass network and
the increased plastic deformability of hydrous glasses at room temperature
[38], [109], [110]. While the dependencies in density and in the elastic
constants were linear up to a total water content of about 12 wt%, Knoop
hardness decreased gradually at first, then proceeded more rapidly, and
then gradually again [109]. The effect of water dissolution on physical
properties was also studied for natural aluminosilicate glasses [111]–[113]
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where the apparent linear dependence in decreasing the molar volume
and the elastic moduli with the total water content up to 12–13 wt%
was confirmed. These studies show that the effect was independent on
water speciation and the connectivity of the silicate network as the partial
molar volume of water in silicate glasses was constant with the initial
composition of the nominal anhydrous base glass.
In contrast for soda-lime-silica glasses that exceed standard industrial
water limits only slightly (< 0.1 wt%) an increase in density and Young’s
modulus with the concentration of water was reported [37], [114], [115].
Besides the stiffening effect of elastic properties by structural water,
indentation hardness was found to be environmentally sensitive [116]–[121].
Surface softening of soda-lime-silica glasses was evident with increasing
the holding time of the indent in water-bearing atmospheres whereas in
water-free environments such as vacuum, distilled toluene hardness was
the highest and constant with the time during which the maximum load
was maintained. First, Kranich and Scholze [118], [119] attributed the
effect to the elastic recovery of the glass after indentation, as the hardness
under load, which was observed through an inverted microscope, was load-
and time-independent and practically equal to the hardness measured in
liquid water. Later, the effect was reported to occur also during loading
[122]. Finally, Tomozawa [123] explained that environmental sensitivity
of microhardness originates from diffusion of water molecules from the
environment (water content of the test liquid, atmospheric moisture)
into the deformed glass volume under the indent. Under tensile stresses,
water molecules are capable to relax strained Si-O-Si bonds leading to an
compressive surface stress after unloading, that can be used to strengthen
soda-lime-silica glass fibers [28] whereas under compressive stresses the
effect weakens the surface after indentation. In this approach, however,
the role of dissolved water species that are already present in the glass
structure remains unclear.
Considering the above issues and the technical importance of soda-lime-
silica glass, the influence of dissolved water on the micromechanical
properties is still poorly understood. Thus, the main aim of this study
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was to explore the effect of dissolved water for concentrations exceeding
standard industrial limits and by that to shed light on the role of the
different water species in a depolymerized network structure where calcium
ions are present to prevent the silicate network to be readily soluble. In
particular, density, elastic constants and indentation hardness were studied
for a commercial multicomponent soda-lime-silica glass, which was re-
melted in a high confining pressure (500 MPa) to enrich the water content
up to 7.8 wt%.
4.2 Experimental
4.2.1 Glass preparation
For the syntheses of hydrous glasses containing up to 7.8 wt%
water, commercial microscope slides were used. The mo-
lar composition of the microscope slide glass (MSG) was
SiO2/Na2O/CaO/MgO/Al2O3/K2O/(Fe2O3/TiO2) = 73.2/13.3/6.6/6.2
/0.5/0.2/(0+) as analyzed by X-ray fluorescence (Axios, PANalytical).
Oxides within brackets present a nominal molar amount <0.05.
The slides were crushed and ground to a powder with an agate mortar.
Glass powders and distilled water were filled step-wise in cylindrical
platinum capsules of 6 mm diameter and 30 mm length to provide a
homogeneous distribution of water in the glass. The water-to-glass
powder ratio was calculated to prepare hydrous glasses of nominal total
water content of 0, 1, 2, 4, 6, 8 wt%. The powder-water mixtures
were slightly compacted with a steal piston and subsequently sealed
with a PUK welding device (PUK3 professional plus, Co. Lampert).
All syntheses were carried out in an internally heated pressure vessel
(IHPV) using argon as pressure medium at 500 MPa and 1673 K for
20 h. A detailed description of the apparatus is provided in [124]. After
isobaric quenching the glasses at an initial cooling rate of approximately
200 K min−1, pressure relieve and removing the platinum mantle, bubble-
and crystal-free glass cylinders were obtained. Glass cylinders were then
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cut into sections of approximately 1–3 mm thickness for mechanical
experiments and approximately 0.3 mm for optical spectroscopy. Surfaces
were polished (diamond < 1 µm). The glasses were named accordingly to
display the nominal water content in wt% and the synthesis pressure in
MPa, e.g., 4W-MSG500 = 4 wt% water, 500 MPa.
4.2.2 Density and molar volume
The density ρ of the glasses was determined at room temperature using
the Archimedean buoyancy with water as an immersion liquid. The error
of this method (based on repetitive measurements) was ≤0.2. The molar





where MH2O and xW are the molecular weight and mole fraction
of water (OH-groups and water molecules), respectively. MMSG is the
molecular weight of nominal dry microscopy slide glass and xMSG its mole
fraction.
4.2.3 Water content and water speciation
The total water content CW was determined by a bulk extraction
method (pyrolysis and subsequent Karl-Fischer titration (KFT)). Two
measurements of each glass (10–20 mg) were conducted and the data
were averaged. In addition to KFT, near infrared (NIR) spectroscopy
was used to determine the concentrations of water molecules CH2O and
hydroxyl groups COH in the hydrous glasses. Infrared spectra were
recorded with a Fourier Transform Infrared (FTIR) spectrometer (Bruker
IFS88, Karlsruhe, Germany) coupled with an infrared microscope (Bruker
IR scope II, Karlsruhe, Germany) that is equipped with a mercury-
cadmium-tellurium (MCT) detector. For NIR-measurements a tungsten
light source and a CaF2 beam splitter were used. Spectra were recorded
in the range of 2,000–11,000 cm−1. Three measurements at different spots
of each glass (double polished platelets from top and bottom part of the
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prepared cylinder, uncertainty in thickness was ±2 µm) were analyzed
and the data were averaged. A detailed description of the KFT and NIR
experiments is provided elsewhere [50], [125].
4.2.4 Elastic constants
Room temperature ultrasonic measurements were performed by a pulse-
echo method using a pulse-receiver instrument (Echometer 1077 Karl
Deutsch). Ultrasonic velocities Ul and Us were determined from the
specimen height h of two parallel faces (1 µm diamond, polished) and the
delay time ∆tl and ∆ts between successive signals using 4–12 MHz and









From the ultrasonic velocities elastic constants are calculated by [128]:
L = ρU 2l , (4.3)
G = ρU 2s , (4.4)












with ρ = density, νP = Poisson’s ratio and L, G, K and E =
longitudinal, shear, compression and Young’s modulus, respectively. The
error of this method (based on repetitive measurements) was ≤ 0.15% and
≤ 0.25% for the longitudinal and shear ultrasonic velocity, respectively.
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4.2.5 Hardness
Glass surfaces were indented with a Vickers diamond under load control
at 1.96 N using a universal hardness testing machine (ZwickRoell ZHU2.5,
Ulm, Germany). The load was applied within 5 s (loading ramp), held
for various times between 1–300 s (holding time) and removed within 5 s
(unloading ramp), which results in a nominal (un)loading rate of 0.39 N s−1.
The regime was selected on basis of an initial parameter study and led
to a crack-free indentation of the MSG glass. The length of the indent
diagonals was measured using an inverted microscope (Leica DM-ILM,
Wetzlar, Germany) positioned directly below the sample. The microscope
was equipped with a 20x objective (Leica N Plan L, Wetzlar, Germany)
and a monochrome camera (Pixelink PL-D725MU-T, Ottawa, Canada)
to allow for acquisition of images. Diagonals were measured “under load”
(during the holding time at which the maximum load was maintained)
and after completely unloading the sample. Ten indents per data point
were performed to provide statistical significance. Indentation was done in
different environments. A first series was acquired in a glovebox (MBraun
Labmaster 130, Garching, Germany) in a dry nitrogen gas atmosphere of
approximately 300 ppmv water volume fraction (= 30 Pa vapor partial
pressure) at 25 °C. The second series was measured in a cleanroom with
a constant humidity of approximately 9300 ppmv water volume fraction
(= 942 Pa vapor partial pressure) at 18 °C. Humidity in the glovebox
was monitored with a dew point sensor (Michell Instruments Easydew
EA2-TX, Ely, UK) connected to a data acquisition module (Ahlborn
Almemo 8590-9, Holzkirchen, Germany). In the cleanroom the monitoring
of humidity was carried out with a FHAD462 sensor connected to an
Almemo 2470-2S data acquisition module (both Ahlborn, Holzkirchen,
Germany). A third series of indents were performed in anhydrous toluene







where HV is Vickers hardness (GPa), P is the applied load (N), and a
is the average half diagonal of the indent (µm).
Slides of the base glass and polished sections of the hydrated glasses
were stored for approximately 20 days in the dry nitrogen gas atmosphere
of the glove box before hardness tests were conducted. Other samples
were stored in the cleanroom for the same time before testing under these
environmental conditions. N2 gas stored samples were used for the series
of hardness tests performed in liquid toluene.
4.3 Results
4.3.1 Water content and speciation
Figure 4.1A shows the baseline corrected spectra of hydrous MSG glasses
in the range of 6000–4000 cm−1. As discussed by Withers and Behrens
[93] the choice of baseline is crucial for the spectra evaluation and hence
for the determination of the linear molar absorption coefficient.
Figure 4.1: Baseline corrected spectra of the hydrated MSG glasses in the NIR
range (A) and calibration plot for the determination of the linear molar absorption
coefficients of the bands at 5200 and 4500 cm1 (B). Note that the NIR spectra are
scaled to the same thickness of 0.3 mm and plotted with an offset for clarity. The
absorption coefficients ǫ5200 and ǫ5200 were determined from the intercepts with the
axes by fitting eq. 4.11 through the data.
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For our glasses, we chose a tangential baseline as it revealed the
highest reproducibility. The bands near 5200 cm−1 and at approximately
4500 cm−1 are assigned to the combination of stretching and bending
vibration modes of water molecules and of terminal OH-groups (silanols),
respectively [95], [114].
NIR spectroscopy requires to transfer measured peak intensities into con-
centration quantities. Following the Lambert-Beer law, the concentration
of the two different water species in wt% from peak height (absorbance,










where ρ is the density (g L−1), d is the thickness (cm), ǫ5200 and ǫ4500
are the linear molar absorption coefficients (L mol−1 cm−1) of bands at
5200 and 4500 cm−1, respectively. If one assumes that the total water
content CW in the hydrous glass is represented by the sum of both
contributions, the linear molar absorption coefficients of the OH-band
and molecular water band can be derived from combining eqs. (4.9) and










where CW is the total water content as determined by KFT. Figure
4.1B shows that a linear dependence is evident when plotting the
right-hand side of eq. 4.11 versus the term 1802 A4500/(dρCW ). A
regression analysis through the MSG data results in the linear molar
absorption coefficients ǫ5200 = 0.94 ± 0.03 L mol−1 cm−1 and ǫ5200= 0.63
± 0.11 L mol−1 cm−1, which are similar to those reported by Stuke et al.
[92] for soda-lime-silica and float glass applying a similar calibration.
Absorption coefficients were used to determine the contents of H2O
molecules CH2O and OH groups COH from NIR absorbance, density
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data and eqs. (4.8-4.9). In case of the dry base glass (0W-MSG0) and
its re-melt under 500 MPa confining pressure (0W-MSG500), water is
predominately dissolved as OH-groups. Their content was determined
from the absorbance near 2850 cm−1 and using the linear molar absorption
coefficient ǫ2850 = 50.8 L mol−1 cm−1 following the approach developed
by Behrens and Stuke [106] (not shown). The spectroscopic data as well
as the density of the glasses were compiled in table 4.1.
















0W-MSG0 2467(5) - 0.039(1) 0.039(1) - 59.131 0.0013 23.84
0W-MSG500 2485(5) - 0.23(1) 0.23(1) 0.00(1) 58.875 0.0075 23.69
1W-MSG500 2484(5) 1.05 0.98(6) 0.77(6) 0.21(2) 57.888 0.0315 23.30
2W-MSG500 2480(5) 1.75 1.87(6) 1.17(5) 0.70(3) 56.759 0.0589 22.89
4W-MSG500 2451(5) 3.92 3.85(6) 1.52(5) 2.33(6) 54.398 0.1162 22.19
6W-MSG500 2418(5) 5.81 5.90(8) 1.54(3) 4.36(8) 52.153 0.1708 21.57
8W-MSG500 2376(5) 7.77 7.71(9) 1.47(4) 6.24(9) 50.319 0.2153 21.18
Inspection of table 4.1 shows that the IHPV synthesis with an
increasing addition of water led initially to an increase in the content of
the OH groups, whereas at higher CW H2O molecules are predominant.
The trends of COH and CH2O with total water content that are illustrated
in figure 4.2 are in agreement with water speciation data of other hydrated
soda-lime-silica glasses of previous studies [91], [92], [106]. One should
stress here that density and therefore also molar volume of hydrous soda-
lime-silica glasses decrease with increasing water content. The dependence
will be analyzed in detail in section 4.4.1.
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Figure 4.2: Contents of OH groups and H2O molecules in hydrous soda-lime-silica
glass. The error bars of the water species do not exceed the size of the symbols.
Symbols indicate synthesis pressure (circle = 0.01 MPa, diamond = 500 MPa). Lines
are intended as visual guides.
4.3.2 Ultrasonic velocity
Figure 4.3 shows the dependence of the ultrasonic velocity on the mole
fraction of total water. A positive deviation from a linear trend is indicated
by the data. The dissolution of water in the soda-lime-silica glass led
to a slight increase in the ultrasonic velocity for longitudinal and shear
modes at first and then to a continuous decrease for higher water fractions.
For instance, the longitudinal velocity of the pressurized re-melt of the
anhydrous base glass (0W-MSG500) was 5895 ± 9 m s−1, Ul of the glass
with the total water fraction 0.0315 (1W-MSG500) was 5966 ± 9 m s−1,
whereas Ul of the glass with the highest water content (8W-MSG500) was
5787 ± 9 m s−1 (table 4.2). The dependence of the elastic moduli went
in line with the ultrasonic velocities and will be analyzed in section 4.4.2.
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Figure 4.3: Dependence of the ultrasonic velocity for longitudinal Ul and shear
modes Us on the mole fraction total water xW . The error bars of the velocities do
not exceed the size of the symbols. Symbols indicate synthesis pressure (circle =
0.01 MPa, diamond = 500 MPa). Lines are intended as visual guides.
Table 4.2: Ultrasonic velocities Ul and Us (eq. 4.2) and elastic constants L, G, K,
E and νP (eqs. 4.3–7) of the anhydrous and hydrous glasses. Numbers in parentheses
















0W-MSG0 5808(9) 3426(9) 83.2(3) 29.0(2) 44.6(1) 71.4(4) 0.233(4)
0W-MSG500 5895(9) 3524(9) 86.4(4) 30.9(2) 45.2(1) 75.4(5) 0.222(4)
1W-MSG500 5966(9) 3571(9) 88.0(4) 31.5(2) 46.0(1) 77.0(5) 0.221(4)
2W-MSG500 5926(9) 3495(9) 87.1(5) 30.3(2) 46.7(2) 74.7(2) 0.233(4)
4W-MSG500 5897(9) 3439(9) 85.2(4) 29.0(2) 46.6(2) 72.0(5) 0.242(4)
6W-MSG500 5825(9) 3345(9) 82.0(5) 27.1(2) 46.0(2) 67.9(5) 0.254(4)
8W-MSG500 5787(9) 3265(9) 79.6(5) 25.3(2) 45.8(2) 64.2(5) 0.267(5)
4.3.3 Microhardness
The dependence of the Vickers hardness on the total water content of
the glasses for testing in two different environments is shown in figure
4.4. HV is found to evolve in line with the elastic moduli. Again, the
data let us believe that a slight positive deviation from the linear trend
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is evident leading to a more rapid decrease in HV for glasses of higher
water content. The hardness of the hydrous glasses in toluene, which
had the lowest water content (10 ppmv) of the tested environments, was
the highest, the hardness in N2 gas of the glove box (pH2O = 30 Pa ≈
300 ppmv) was lower and the hardness “under load” that corresponds to
the hardness in liquid water [118], [119], was the lowest.
The hardness in toluene and under load was constant with the time of
the holding (not shown), whereas the hardness in the N2 gas and in air
were found to be time-dependent. A decrease in hardness with increasing
time of holding the maximum load is evident from figure 4.4B. From
inspection of table 4.3 it can be seen that the hardness of the dry base
glass 0W-MSG-0 was lower in air (pH2O = 942 Pa) than in the dry N2 gas
(pH2O = 30 Pa) and decreased somewhat faster with the holding time.
Figure 4.4: Dependence of the Vickers hardness on the water content of the hydrous
soda-lime-silica glasses using a load of 1.96 N and two different environments. Part
(A) shows the hardness in liquid toluene (water content = 0.001%) after unloading
(upper curve) and the in N2 gas of pH2O = 30 Pa under load (lower curve). Part (B)
illustrates the Vickers hardness after unloading in N2 gas (pH2O = 30 Pa) for different
holding times. For comparison, the lines of toluene and under load measurements
are added. Pressure of glass synthesis: open symbols = 0.01 MPa, full symbols =
500 MPa. Lines are intended as visual guides.
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Table 4.3: Vickers hardness HV (Load = 1.96 N) for indentation in different media
(pH2O = partial water pressure) and holding times. Numbers in parentheses give



















(Pa) HV HV HV HV HV HV HV
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
Toluene 1∗ 1–300 5.91(10) 6.15(9) 6.06(9) 5.90(8) 5.41(8) 5.00(8) 4.50(8)
N2 gas 30 1 5.89(7) 6.00(8) 5.89(4) 5.67(10) 5.08(14) 4.72(3) 4.04(10)
Air 942 1 5.83(8) - - - -
N2 gas 30 5 5.78(7) 5.98(14) 5.82(8) 5.55(12) 5.02(6) 4.65(4) 3.97(11)
Air 942 5 5.72(12) - - - -
N2 gas 30 15 5.74(9) 5.96(6) 5.77(11) 5.43(7) 4.99(14) 4.64(5) 3.93(8)
Air 942 15 5.55(10) - - - -
N2 gas 30 30 5.73(12) 5.88(7) 5.60(12) 5.39(7) 4.89(13) 4.58(4) 3.91(5)
Air 942 30 5.50(8) - - - -
N2 gas 30 60 5.70(9) 5.92(17) 5.56(9) 5.38(11) 4.88(13) 4.56(9) 3.88(6)
Air 942 60 5.51(10) - - - -
N2 gas 30 90 5.71(3) 5.94(9) 5.54(12) 5.34(8) 4.89(13) 4.54(5) 3.86(10)
Air 942 90 5.28(12) - - - -
N2 gas 30 300 5.70(10) 5.88(13) 5.55(9) 5.29(6) 4.78(8) 4.50(5) 3.79(6)
Air 942 300 5.33(8) - -
Under load
N2 gas 30 1–300 4.8(2) 5.0(2) 4.8(2) 4.7(2) 4.3(2) 4.1(2) 3.5(2)
Key: ∗The water content of toluene was 10 ppmv.
4.4 Discussion
4.4.1 Density and molar volume
High precision measurements of the density of soda-lime-silica glasses with
a water content < 0.3 mol% were provided by Scholze et al [114]. They
found that water, which dissolves predominately as OH-groups, increases
the density slightly by +3.82 g L−1 per mol% water. The increase in
density was linked with the decrease in the mean distance in hydrogen
bonding (O-H···O) with increasing total water content of the glasses.
The positive compositional effect on density was confirmed by a later
report of McMillan and Chlebik [37]. If one assumes that the MSG glass
of this study is affected by the same density increase (up to 1 mol% total
water), the additional increase in density due to compression using the
synthesis pressure of 500 MPa can be estimated as 0.036 g L−1 MPa−1. The
OH-dependent increase and the pressure-dependent increase in density
are both illustrated in figure 4.5A by black dotted lines and a vertical
double-headed arrow, respectively.
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For a total water content > 1 mol%, density is found to decrease strongly
in accordance with an earlier study [106] performed at various synthesis
pressures (figure 4.5A). At this level of hydration water molecules are
becoming more and more dominant (tab. 4.1) and the dependence of
the molar volume V of the hydrous glasses on the molar fraction of
total water xH2O can be analyzed (figure 4.5B). Assuming a regular
solution between water molecules and the silicate glass, partial molar
fractions can be derived from the method of tangents on the molar
volume curve [38]. If the small effect of OH-groups on the molar volume
for fractions < 0.01 is neglected, V (xW ) is well described by the linear
equation 23.68 ± 0.06 cm3 mol−1 - 12.1 ± 0.5 cm3 mol−1× xW , which
results in a partial molar volume of water in hydrous soda-lime-silica
glasses up to xW = 0.215 of approximately V H2O = 11.6 ± 0.6 cm3 mol−1.
Figure 4.5: Density of different soda-lime-silica glasses as a function of mol%
total water (A) and dependence of the molar volume on the molar fraction
of total water for silica, soda-silica and soda-lime-silica glasses (B). Solid lines
in are best linear fits through the data, dashed and dashed dotted lines in
(A) illustrate the OH-dependent increase in density whereas in (B) these lines
are extrapolations to approximate V H2O from the intercept with the molar
volume axis at xW = 1. The analyzed molar compositions of the nominal dry
base glasses are: soda-lime-silica: “Ca” = SiO2/Na2O/CaO = 74.0/15.9/10.1
[114], “SLS” = SiO2/Na2O/CaO/(Al2O3/Fe2O3/K2O) = 73.4/15.5/10.1/(0+) [106],
“SLSa” = SiO2/Na2O/CaO/(Al2O3/Fe2O3/K2O) = 74.1/15.8/10.2/(0+) [106], “FG”
= SiO2/Na2O/CaO/MgO/Al2O3/K2O/(Fe2O3) = 71.4/12.6/9.5/5.8/0.4/0.2/(0+)
[106], “NCS” = SiO2/Na2O/CaO = 73.8/15.5/10.7 (by batch) [37]; soda-silica:
SiO2/Na2O = 75/25 (by batch) [38]; silica: SiO2 ≤100 [131]. Oxides within brackets
present a nominal molar amount <0.05.
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The volume, which water occupies in hydrous soda-lime-silica glasses,
is found to be similar to those in hydrous silica glasses for xW < 0.09
[131] and hydrous soda-silica glasses for xW < 0.27 [38] as pointed out by
the insert of figure 4.5B. For all three glass types the occupied volume
resembles that of densest molecular form of H2O that is ice VII (V H2O =
12.3 ± 0.6 cm3 mol−1 [111], [112]. V H2O has been collected for a series
of natural aluminosilicate glasses and found to be independent on water
speciation and the connectivity of the silicate network, i.e. the number of
non-bridging oxygen per network forming tetrahedron of the anhydrous
base glass [113]. The former means that volume changes accompanied
with the equilibrium reaction Si-O-Si + H2O = 2 Si-OH are rather small,
whereas the later indicates that dissolution of water is very efficient with
respect to the packaging of the silicate glass, i.e. H2O takes less than half
of the partial molar volume of a dry silicate glass. Thus, the decrease in
both density and molar volume of the hydrous soda-lime-silica glasses
with > 1 mol% total water is related to an increase in a densely packed
hydrous volume fraction of lower weight.
4.4.2 Elastic constants
Figure 4.6 shows the dependence of the elastic constants on the total water
fraction. The data indicate a positive deviation from the linear trend of
the elastic moduli at low water content. In particular, synthesis of the
nominal dry re-melt at 500 MPa pressure resulted in E = 75.4 ± 0.5 GPa.
The synthesis with about 3 mol% total water yield E = 77.0 ± 0.5 GPa and
the one with approximately 21.5 mol% water yield E = 64.2 ± 0.5 GPa,
that is a decrease of >16% with respect to the initial value. In contrary
to the dependence of the elastic moduli, the Poisson’s ratio seems to
be constant at first and then increases to νP = 0.267. However, with
respect to the uncertainty in the νP data a non-linear dependence cannot
established beyond doubt. Using the same solution model as for the molar
volume, one can define partial molar elastic constants for the fraction of
dissolved water in the hydrous soda-lime-silica glasses [112].
Figure 4.6A and 4.6B show that the elastic moduli and the Poisson’s
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ratio are linear functions of water content up to the highest concentration
investigated but the linear approximation overestimates and underesti-
mates, respectively, the compositional dependence at small water fractions
(< 3%). The situation is pointed out in figure 4.6C and 4.6D, which show
the compositional dependence in logarithmic scales. For a water content
dominated by OH-groups, Limbach et al. [115] provide elastic constants of
soda-lime-silica glasses. Their data show a slight increase in the Young’s
modulus and vaguely decreasing values of νP in agreement with the
increase in density (figure 4.5A) that was originated by the change from
weak to strong hydrogen bonds [114]. For hydrous compositions that are
dominated by water molecules (>3 mol% total water), however, the linear
behavior indicate that water speciation is apparently ineffective. For
these glasses the partial molar constants of water are LH2O = 41 ± 4 GPa,
EH2O = 11 ± 7 GPa, KH2O = 41 ± 1 GPa, GH2O = 1 ± 3 GPa and
νP H2O = 0.45 ± 0.06 as determined by linear regression through the data.
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Figure 4.6: Dependence of the elastic moduli L, E, K, and G (A) and the Poisson’s
ratio νP (B) on the molar fraction of total water. The error bars of the elastic moduli
do not exceed the size of the symbols. Symbols indicate synthesis pressure (dots
= 0.01 MPa, diamonds = 500 MPa). Lines are linear regressions through the data
for xW > 0.03. The compositional dependence on logarithmic scales is exemplarily
illustrated for the Young’s modulus and Poisson’s ratio in (C) and (D), respectively.
The latter are intended to highlight the effect of dissolved water on elasticity for
a water speciation dominated by the portions of hydroxyl groups (OH) and water
molecules (H2O) as indicated by NIR spectroscopy. Thin dotted and dash dotted
lines indicate compositional trends and compaction effects (double-headed arrow)
of OH-dominated glasses, respectively. Thick solid and dashed lines are best fits
through the hydrous glass data dominated by water molecules from (A) and (B)
and their extrapolation towards lower total water fractions. The molar composition
(by batch) of the nominal dry glass “16-10-74” is SiO2/Na2O/CaO = 74.0/15.9/10.1
[115]. The “SLS” glass of Ref. [106] is equal to “NCS” of Ref. [132].
4.4.3 Microhardness
The environmental-sensitivity of microhardness has been explained by
diffusion of water molecules from the environment (water content of the
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test liquid, atmospheric moisture) into the deformed glass volume under
the indent, which leads to a time-dependent softening effect [123]. In
contrast, hardness is highest and appears to be constant with time when
tested in water-free environments such as under vacuum or in toluene
[119], [121]. An independence of hardness on holding time is also achieved
if diagonals were measured under load and thus preventing elastic recovery
of the glass after completely unloading the sample [119]. Under these
conditions, hardness is lowest and the value corresponds to hardness
measured in water [119]. Thus, it seems to be beneficial to analyze the
time-dependent response of the glass against environmental water on
basis of the reduced hardness MH :
MH(pH2O, xW , t) =
HV (pH2O, xW , t) − HV (pH2O, xW , ∞)
HV (pH2O, xW , 0) − HV (pH2O, xW , ∞)
, (4.12)
where H(pH2O, xW , 0) is the initial hardness that is measured under
vacuum or in toluene and H(pH2O, xW , ∞) is the stationary hardness
that is measured under load or in water. It is expected that a plot of MH
versus holding time (log scale) leads to a sigmoidal shaped curve, which
follows a stretched exponential function [133]. However, for the narrow
range in holding times figure 4.7 shows that MH can also be approximated
by the linear function:
MH(pH2O, xW , t) = A + B lg(tpH2O,xW ), (4.13)
where A and B are adjustable parameters and tpH2O,xW is the holding
time. The indices pH2O and xW specify the environmental vapor pressure
and the water content of the glass, respectively. The characteristic time
of the response τ is the time at which MH is reduced to 0.5. In case of the
base glass (0W-MSG0) with xW = 0.0013 the decrease in hardness with
time is flatter when tested in N2 gas (pH2O = 30 Pa) and steeper for air
testing (pH2O = 942 Pa) (figure 4.7A). Using eq. 4.13 the characteristic
time of the softening is approximated to be shorter (τ = 128 s) in air
and longer (τ = 2×106 s) in dry nitrogen gas (figure 4.7B). Such trend in
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environmental-sensitivity can be derived also for dry silica glass, using
indentation data for 200, 2188 and 15000 Pa vapor partial pressure [118],
[119]. However, the conclusion that silica glass is more environmentally
sensitive could not be proven convincingly as the silica glass tested in
Refs. [118], [119] has a lower water content than 0W-MSG0.
Figure 4.7: Reduced hardness as a function of the holding time (load = 1.96 N
(200 gf)) for different environmental vapor pressures (pH2O as indicated) (A) and
characteristic response time vs. environmental vapor pressure (B). Lines in part
(A) are best fits of eq. 4.13 through the data. Line in Part (B) is intended as
visual guide. The analyzed compositions of the nominal dry base glass “Tafel” is
SiO2/Na2O/CaO/MgO/Al2O3/K2O/SO3/Fe2O3 = 72.7/13.3/7.6/4.0/1.5/0.6/0.2 0.1
(wt%) [118], [119]. The water content xW of the base glasses are: 0.0013 (0W-MSG0,
tab. 4.1), 0.000267 (“Herasil1” [134]), 0.000017 (“Infrasil2” [134]). The water content
of the commercial soda-lime-glass “Tafel” [118], [119] was assumed to be equal to
the used microscope slide glass 0W-MSG0. It has to be noted that reduced hardness
was based on hardness tests in toluene and under load for 0W-MSG0, in toluene
and in water for “Infrasil2”, under vacuum and under load for “Herasil1”, and under
vacuum and under load for “Tafel”, respectively.
The hydrous soda-lime-silica glasses prepared in this study show a
similar MH dependence with holding time although the environmental
vapor pressure was kept constant in this series of indentations (figure 4.8).
With increasing xW reduced hardness and the corresponding response time
decrease noticeably. Comparing figure 4.7B and 4.7B indicates effectively
equal response times in both scenarios. That would mean that initially
dissolved water species have the same mobility under the imprint than
those formed by dissolved water from the environment. Although the
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actual species concentrations at the glass surface and under the imprint
during softening are unknown, it seems reasonable that water molecules
are playing the governing role in the time-dependent softening process.
Figure 4.8: Reduced hardness as a function of the holding time (load = 1.96 N
(200 gf)) for hydrous soda-lime-silica glasses of different initial water contents (xW
as indicated) (A) and the dependence of the characteristic response time on the
initial molar fraction of total water (B). Vapor partial pressure was 30 Pa for all
indentations. Symbols indicate synthesis pressure (circle = 0.01 MPa, full dot, full
triangle, full diamond and full star = 500 MPa). Lines in part (A) are best fits of
eq. 4.13 through the data. Line in Part (B) is intended as visual guide.
4.5 Conclusions
The results of our study show that dissolved water strongly affects the
micromechanical properties of soda-lime-silica glasses. Water decreases
the stiffness of the glass as the Young’s modulus decreases by more
than 20% and the Poisson’s ratio increases towards the limiting value
of 0.5 for pure H2O. For hydrous glasses, where the water fraction is
dominated by H2O molecules (xw > 0.03), the dependencies of the
elastic constants on the total water content are linear up to the highest
concentration investigated but the linear approximation overestimates and
underestimates, respectively, the compositional dependence at small water
fractions (< 3%). The deviation reflects the change in the concentrations
of OH groups and H2O molecules, which are representative for progressive
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hydration. As molecular water is light and densely packed in silicate
glass structure, bulk modulus remains nearly unchanged, whereas molar
volume, density and the ultrasonic velocity decreases. The occurrence
of a time-dependent softening effect in hydrous glasses under constant
environmental moisture demonstrates that water species, most probably
water molecules, are capable to relax stressed silicon-oxygen bonds
effectively. Their diffusivity is efficiently high so that equal time scales
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5. Statistical analysis of propagation rates of indentation-induced radial
cracks in soda-lime-silica glass
Abstract
Due to the stochastic nature of crack nucleation by Vickers indentation, a
statistical analysis of propagation rates of 185 radial cracks was performed.
Crack growth was observed directly using a video camera with high image
acquisition rate. It is found that propagation rates are controlled by
the environmental reactions at the crack-tip shortly after their initiation
(< 1 s). Calibration of the stress intensity KI showed that the residual
stress factor χ and the exponent n of the equation KI = χPc−n (with
P = load and c = crack length) are broadly distributed among the 185
analyzed cracks, ranging from 10−16 to 104 and from 0.1 to 5, respectively.
For the most frequent crack, the equation holds KI = 0.052Pc−1.47. The
results show that correlations of indentation-induced crack length to
stress intensity necessitate the use of statistically significant data that
are calibrated by the environmental reactions at the crack-tip.
5.1 Introduction
Fatigue effects can lead to significant reductions in strength of glasses
as the fracture stress-to-load duration ratio depends sensitively on the
atmospheric water content, i.e. the relative humidity (RH) [7], [10],
[11]. Complex stress dependent phenomena and reactions of water at the
crack-tip are discussed to contribute to stress corrosion of glasses [135]–
[138], which include the subtle interplay between hydration, hydrolysis,
condensation, ion-exchange [139], stress enhanced water diffusion [26],
[140] and glass dissolution [26], locally changed glass viscosity [141] and
moduli [27], [42], [110], fast and stress dependent alkali diffusion and
leaching [142] and resulting compressive stress generation [143]. This
situation is further complicated by the uncertain crack-tip environment,
which may be affected by water absorption/desorption kinetics, cavity
effects [144], capillary condensation [145], [146], and locally enhanced
alkali concentration and corrosion. Further, water is also found to promote
stress relaxation under load, which has been utilized for forming surface
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compressive layers as a novel strengthening method [28]. Since all these
phenomena are restricted to the very close vicinity of the crack tip, they
are difficult to study. However, experimental curves of the subcritical
crack growth rate dc/dt (c = crack length and t = propagation time) in
glasses exhibit typically four characteristic regions (0, I, II, and III [12],
[147], [148]) with increasing stress intensity KI (if plotted in logarithmic
scales) enabling the fracture strength to be predicted from slow crack
growth observations [149], [150]. For region I of the lg(dc/dt) versus lg(KI)
diagram where the complex reaction between atmospheric water and glass
at the crack-tip controls the crack growth [12], KI can be estimated from
eq. 5.1 [151], [152]:
dc
dt
= AKmI . (5.1)
The parameters A and m of eq. 5.1 are constants, which depend on
the environmental condition of the fatigue experiment and the chemical
resistance of the glass, respectively. Even though eq. 5.1 is of empirical
nature, recent ab initio calculations for the Si-O bond rupture confirm
that the basic kinetic dependence of crack growth rate on stress intensity
of eq. 5.1 is valid [153], [154].
Because of the stochastic nature of crack nucleation by Vickers indentation,
however, this method cannot be applied to crack propagation without
careful statistical considerations. Further, the complexity of Vickers
cracking patterns and their related stress fields make it difficult to conclude
on the stress intensity factor KI at the crack-tip, which controls the crack
propagation. Estimation of KI , however, could be based on averaged c or
dc/dt data fitted with fundamental laws of crack propagation. For that
case, the fracture driving force for a propagating crack of the radial crack
system is described by the empirical generalization [33], [129], [155]–[158]:
KI = χPc
−n, (5.2)
where c is the crack length measured from the center of the indent, P is
the load χ is a residual stress factor accounting for both the elastic-plastic
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properties of the glass and the angular position along the crack front
while n is the crack length exponent (n > 0). While the scale factor A
and growth exponent m of eq. 5.1 can be determined directly from stress
intensity calibrated specimens such as double cleavage drilled compression
(DCDC) [159] and double cantilever beam (DCB) [21], their determination
is impeded due to the unknown stress field at the crack tip initiated by
Vickers indentation [160]. However, if A and m are known from DCDC
or DCB experiments for the glass under consideration, they can be used
to calibrate the growth data of Vickers induced cracks under the same
environmental conditions. In that case, it is useful to express KI of eq.
5.1 by eq. 5.2, which reads
dc
dt
= A(χPc−n)m = AχmP mc−nm (5.3)










+ lg(χP ) − n lg(c). (5.4)
From a plot of the left hand side of eq. 5.4 versus lg(c) one
finds the residual stress factor χ (from the intercept) and exponent
n (from the slope) for each crack. Here we present an attempt to
use statistically significant crack growth data for the above calibration
procedure. Particularly, the aim of the study is to analyze how far the
residual stress factor χ and the crack length exponent n of each crack
deviate from their average value. Therefore, 185 radial cracks induced by
Vickers indentation were grown in commercial soda-lime-silica glass under
the same environmental condition as for a prior crack growth experiment
using a double cantilever beam (DCB). For each crack and within the
first minute after nucleation, 1800 data points of the decreasing crack




Propagation of indentation-induced cracks was studied on commercial
soda-lime-silica glass surfaces. For this purpose, as received microscope
slides according to ISO 8037/1 (IDL, Nidderau) were used. Glass slides
were cut into pieces of 5×20 mm, ultrasonicated in ethanol and dried
with dust free wipes. The glass composition is 72.56 SiO2, 0.77 Al2O3,
0.02 Fe2O3, 6.95 CaO, 6.40 MgO, 12.65 Na2O, 0.63 K2O and 0.02 TiO2
(in mol%) as analyzed by X-ray fluorescence (Axios, PANalytical).
Glass surfaces were indented with a Vickers diamond under controlled
load at 14.72 N using a universal hardness testing machine (ZHU 2.5,
Zwick Roell). The load was set within 5 s (loading ramp), held constant
for 15 s and removed within 5 s (unloading ramp) which results in a
nominal (un)loading rate of 2.94 N s−1 (figure 5.1). The regime was
selected on basis of an initial parameter study and led to a high initiation
crack probability of the microscopy glass in dry environments. Crack
propagation was observed from below through a long distance objective
at a magnification of 20x (N PLAN L, Leica) of an inverted microscope
(DM-ILM, Leica) and recorded with a 5.3 megapixel CMOS sensor of a
monochrome camera (PL-D725MU-T, PixelInk). For each indent a video
was recorded at 30 frames per second (fps) for about 60 s (≈ 1800 frames).
Uncompressed capturing and subsequent decomposition in single video
frames were performed using TroublePix and BatchProcessor software
(Norpix), respectively. Each image was analyzed using a self-written
MatLab (Mathworks) code, which gauges the rim of the indent and
the position of the crack tip from the same grey scale threshold value.
Simultaneously, the center of the indent was determined, which serves as
a basis for the crack length calculation. After the crack was initiated and
detectable for the software, the crack length c of each image was measured
by taking the Euclidean distance between the pixel of the center of the
indent and the pixel determining the crack tip.
Indenter and camera were referenced to a synchronized time tag. The
tag was set to the end of the unloading ramp of the indenter, which was
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t0 = 0 in the timescale of the image acquisition (figure 5.1). We note
that initiation of radial cracking can deviate from t0. In case of delayed
cracking (radial crack appears at t > t0) the delay time δ = t - t0 was
recorded.
The above setup was implemented in a glove box (labmaster130, MBraun)
that allows for the adjustment of atmospheric water. During our
experiments, the water content was adjusted to 650 ppmv H2O, which
equals a relative humidity of 1.18%. Humidity was monitored using a
dewpoint transmitter (Easydew, Michell Instruments). RH was adjusted
to meet the environmental conditions of a prior DCB experiment of
Wiederhorn [12] on a microscopy slide glass of similar composition.
Wiederhorn [12] found that the glass obeys eq. 5.1 for growth rates
between ≈7×10−8 and 3×10−6 m s−1 (region I). In particular eq. 5.1
holds for m = 24.45 and lg(A) = -0.46 (dc/dt in m s−1 and KI in MPa m1/2)
[147]. 57 indents were set under these conditions at the surface of the
microscopy slide. Indentation generated in total 185 radial cracks after
60 s of recording, which resulted in a crack initiation probability of 81%
[161]. Under these conditions other crack types were not observed.
Figure 5.1: Schematic load-time curve of the Vickers indentation to initiate radial
cracks. The image acquisition is triggered at the end of the unloading ramp at t0.
Exemplary cracking of crack numbers 1 and 2 at the delay time δ = t - t0 = 8 s and




Figure 5.2 shows selected frames out of three video segments as an example
for instantaneous and delayed cracking after Vickers indentation. Cracking
of two radial cracks occurred between frame 49 and 50 at the horizontal
corners of the first indent (figure 5.2a), which coincided with the end of
the unloading ramp at t0. These cracks were assigned to be instantaneous
within the resolution limit of recording (1/30 s). At frame 107, a third
crack at the bottom corner became first observable. This crack is delayed
by δ = 1.90 s. Finally, the fourth corner crack appears at frame 136 (δ
= 2.87 s). At the second indent, three instantaneous cracks are evident
while the fourth crack is popping-in at δ = 0.23 s (figure 5.2b). The third
indent shows that radial cracks can be formed also at the faces of the
indent near to the corner (figure 5.2c). All cracks have grown during the
video capture of about 60 s as illustrated by the bottom image of figure
5.2b. Between the frames 46 and 1850 the crack tip has moved by ca.
10 µm. The visible length of radial cracks is l = c - a, where a is the half
diagonal of the indent before cracking and c is the crack length from the
center of the indent.
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Figure 5.2: Selected frames out of three recorded videos after indentation at
14.72 N. The end of the unloading ramp, i.e. t0 was between frames 49 and 50 for
indent (a), between 45 and 46 for indent (b) and between 54 and 55 for indent (c).
The figure illustrates instantaneous radial cracking (frames 50 (a), 46 (b) and 55 (c))
and the appearance of delayed radial cracks (frames 107 (a), 136 (a) and 53 (b)).
The bottom images of (b) highlight the propagation of the crack tip between frames
46 and 1850 (∆t = 60.13 s) at higher magnification. Note that radial cracking
occurred at the corner of indents (a) and (b) but also at the faces of the indent (c).
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Figure 5.3 shows the results of the data processing with the Matlab
script for the 12 radial cracks of figure 5.2. During the first seconds after
crack nucleation a strong increase in crack length is evident, which then
decreases with increasing propagation time. A linear time dependence of
the form [146], [162]–[164]
lg(c) = lg(S1) + S2lg(t − δ), (5.5)
where S1 and S2 are adjustable parameters is evident, when plotting
the crack length versus propagation time (t - δ) in logarithmic scales. To
capture the important patterns of the propagating crack, the parameters
S1 and S2 of each crack were determined by linear regression through the
data. This procedure resulted in smoothed crack length data of the form
c = S2(t − δ)S1, (5.6)
from which the crack propagation rate dc/dt of the 185 cracks were
derived by taking the first derivative with respect to the propagation time
dc
dt
= S1S2(t − δ)S2−1. (5.7)
One should stress that some cracks show noticeable deviation (arrow)
from the linear trend at an early stage < 1 s (figure 5.3B and 5.3D), which
indicate possible crack interaction (crack B and crack T of indent 1 were
delayed). On the other hand, the 4 cracks of the third indent obey the
linear trend starting from the first frames (figure 5.3F), although crack L
and crack R are curved and have grown at the faces of the indent (figure
5.3C). Crack patterns and the quality of the linear fits shown in figure
5.3, with regression coefficients R2 from 0.88 to 0.95, are typical of all
185 analyzed cracks.
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Figure 5.3: Time dependence of the crack length c of the 12 radial cracks of figure
5.2. Each data point equals an analyzed frame of the video sequence. The scatter
of the crack length data is mainly caused by the lateral resolution of the camera
system. Numbers of selected frames are indicated in correspondence to those in
figure 5.2. Compact lines of parts B, D and F are best linear fits of eq. 5.5 to the
lg(c) versus lg(t - δ) data. Regression coefficients R2 are 0.92, 0.93, 0.88, 0.92 (part
B), 0.93, 0.92, 0.96, 0.95 (part D) and 0.94, 0.95, 0.95, 0.92 (part F) for T, B, L
and R cracks, respectively. The received average crack length is also illustrated in
parts A, C and E by black lines. Arrows indicate deviation from the linear trend.
Radial cracks are labelled according to their position at the top, bottom, left and
right corner of the indent with T, B, L and R, respectively.
Figure 5.4 shows that the majority of radial cracks (≈76%) are visually
initiated within 5 seconds (δ ≤5 s) after completely unloading the sample,
but sporadic cracking occurred also at a delay of up to 49 seconds. 43
cracks (= 19%) are not formed within the recording time and another
waiting time of 1 hour without recording. Resolving the first 5 seconds in
greater detail (insert of figure 5.4) reveals that (quasi)instantaneous
cracking (δ ≤0.1 s) is for the applied indentation protocol and the
prevailing environmental conditions and the most frequent response of
the material.
Figure 5.4: Frequency distribution of the delay time δ of radial cracking during
the first minute after completely unloading the glass. The insert shows the delay of
up to 5 s in greater detail. Note the crack initiation probability was 81% after 60 s.
Bin size of the frequency distribution is 5 s and for the insert 0.1 s.
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The crack propagation rates of the 185 recorded cracks are found to be
relative broadly distributed (figure 5.5). The temporary velocity at 5 s of
propagation is covering a range from 9.7×10−8 m s−1 to 2.7×10−6 m s−1,
which is a factor of approx. 28 between the slowest and the fastest crack.
At the end of the acquisition time (t - δ = 60 s), crack velocity had
decreased to 8.4×10−9 m s−1 for the slowest and to 5.9×10−7 m s−1 for
the fastest crack while the factor between both increased to 71.
Figure 5.5: Crack propagation rate dc/dt of eq. 5.7 versus propagation time t - δ
of the 185 analyzed radial cracks.
A similar broad distribution among the analyzed cracks is obtained,
when the propagation rate is evaluated for constant crank length. Figure
5.6 shows lognormal distributed propagation rates with a decreasing mean
value for increasing crack length. For instance, temporary velocities from
0.03 to 11.18 µm s−1 for 80 µm long cracks were determined. We note
that not all cracks reached a length of 80 µm in the acquisition time such
as cracks L and R of indent 3 (figure 5.3E). Thus, with increasing length
the number of cracks reduces. For instance, at 85 and 90 µm only 117
and 54 cracks, respectively were evaluated. We further note that due to
the limited image acquisition rate of 30 fps, propagation rates of some
other cracks at a length of 70 µm were not resolvable. Thus, they are
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found to pop-in with c > 70 µm as shown for cracks L and R of indent 1
in figure 5.3A.
Figure 5.6: Distribution of the crack propagation rate for selected crack lengths of
70, 75, 80, 85 and 90 µm. Bin size = 0.3. Lines indicate a lognormal distribution.
Note that distributions are normalized by the total number of cracks (185).
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5.4 Discussion
Wilantewicz and Varner [165] reported that the initiation time of median
radial cracks depends on the maximum load, the displacement rate and
the holding time. In particular, they found that cracks begin to initiate
relatively sooner on the unloading cycle as the total contact time increases
(the total contact time ttotal is the sum of the loading, hold and unloading
periods). Using their data for soda-lime float glasses indented in air,
cracking is predicted to appear preferentially during the unloading ramp
(ti/ttotal = 0.8–0.9) which is earlier than observed in this study (figure
5.4). In another indentation study of Lawn et al. [166], the delay time of
radial cracking was found to depend on the environmental condition. For
low contact periods, the waiting time increased in the order water, air,
nitrogen gas. Further, Bechgaard et al. [167] reported on environmental
sensitivity of crack delay times. In their experiments, initiation of radial
cracks in calcium aluminosilicate glasses was shorter when tested in humid
atmospheres, but proceeded within 24 hours after indentation. In view of
the above, we assume that humidity shortens the waiting times and that
the pop-in of cracks is delayed in our study with respect to the predictions
of Wilantewicz and Varner since indentation is performed under dry
conditions of approx. 1% RH. Further, regarding incompleteness of crack
initiation, we cannot exclude radial cracking after the recording time of
60 s and another waiting time of 1 h without recording. Delayed cracks
with δ > 3660 s would lead to an increase of the crack initiation probability,
which is 81% (185 radial cracks out of 57 indents) for waiting 61 minutes.
Thus, statistical analysis of our study misses possible contributions of
some latecomers.
Shortly after their initiation, subcritical crack growth (SCCG) of the
analyzed radial cracks appears to follow a common trend, i.e. the
deceleration of propagation speed with increasing time and length seems
to be self-similar but broadly distributed for t - δ = 0–60 s and c =
70–90 µm (c/a ≈ 2.0–2.5) (figure 5.5 and figure 5.6). The potential
source of the scatter in the SCCG data, is not really understood at the
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moment. The influence of residual fabrication stresses can be excluded
as birefringence pattern (polariscope inspection) in the as-received glass
were not detectable. On the other hand, the variation in the number
and location (corner vs. faces) of instantaneous and delayed cracks per
indent can lead to an interplay of inhomogeneous stress fields of multiple
cracks growing at the same time. Thus, small changes in the time of crack
nucleation can lead to different stress intensity at the crack tip and to
variations in the propagation rate. This effect can be seen from cracks L
and R compared with T and B of indent 1 (figure 5.2A). Cracks L and R
are visible at the same time (for the camera acquisition rate of 30 fps).
Their propagation rates are found to be similar and quite different to
those of the later cracks T and B (figure 5.3A). Differences in SCCG
are also evident, if one compares cracks T and B with L and R of the
third indent (figure 5.2C). As these cracks initiate at the same time, their
propagation rates seem to depend also on small changes in the nucleation
position. One should note that radial cracks nucleate as median cracks in
the densified zone below the surface (near to the indenter tip) as recent
in-situ side views by X-ray tomography [168] and digital holographic
tomography [169] pointed out. To what extent the delay in nucleation
of median cracks depend on chemical reactions with water molecules of
the environment is unclear. The propagation speed of the initial median
crack is very high (>103 m s−1) as one can approximate from the indenter
half-diagonal (close to 36 µm) and the image acquisition speed of the
camera (30 fps). Thus, initially the growth rate of the median crack
corresponds to region III of Wiederhorn’s lg(dc/dt) versus lg(KI) diagram
but decreases considerably during propagation towards the glass surface.
If observed from below by an indenter microscope (as in this study), this
early stage cannot be viewed. The crack becomes first visible, when its
front reaches the surface at a radial position c > a.
For c > a and shortly (t - δ < 1 s) after their initiation, crack propagation
rates are found to be of the same order of magnitude as those of
Wiederhorn’s DCB specimen (< 3×10−6 m s−1 [12]), which justifies the
assumption that SCCG is controlled by the same environmental reactions
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at the crack-tip in both experiments (region I). Thus, the scale factor A
and growth exponent m (eq. 5.1) of the DCB experiment of Wiederhorn,
was used to calibrate the SCCG data of this study as the environmental
conditions (RH≈1%) and the glass composition (soda-lime-silica glass –
microscopy slide) are nearly identical. Therefore, the left hand side of eq.
5.4 versus lg(c) was plotted to find the residual stress factor χ (from the
intercept) and exponent n (from the slope) for each crack. In order to
aid clarity, figure 5.7 shows only these dependencies for the 12 cracks of
figure 5.3.
Figure 5.7: Lg(dc/dt)/m versus lg(c) of the 12 radial cracks of figure 5.3. The
figure illustrates the calibration of propagation rates using eq. 5.4 and m = 24.45
and lg(A) = -0.46 (dc/dt in m s−1 and KI in MPa m1/2) [12].
Figure 5.8 shows that the residual stress factor χ and crack length
exponent n is broadly distributed among the 185 cracks analyzed.
Assuming that the crack initiation is Weibull distributed [170], the most
frequent crack has n = 1.47. In case of the residual stress factor χ, the
distribution is heavy-tailed as the shape parameter (Weibull modulus)
is greater than 0 but less than 1. Taking the median value (= 0.052)
instead of the modal, the fracture driving force of soda-lime silica glass at
1% RH can be expressed by the equation KI(RH=1%) = 0.052Pc−1.47. The
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Weibull plots (figure 5.8B and figure 5.8D) clearly stress that cracks of
low and high χ and n are present that are hardly covered by the assumed
distribution type. Including these outliers, χ spreads > 20 orders of
magnitude and also for n values between 0 and 5 are evident, which is the
most striking feature of figure 5.8. It emphasizes that residual stresses
at the crack-tip can be very different from crack to crack as cracks of
the same length are propagating with different temporary velocities even
under constant environmental conditions.
Figure 5.8: Cumulative distributions of the residual stress factor χ (A) and crack
length exponent n (C) of eq. 5.1 for the 185 analyzed cracks. Parts (B) and (D)
show Weibull plots of cumulative frequencies. Dashed lines are the best fit through
the data with shape factor (Weibull modulus) 0.259±0.005 (χ), 3.72±0.04 (n), scale
factor 4.7±0.2 (χ), 0.624±0.001 and regression coefficient 0.9806 (χ), 0.9934 (n).
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Crack length data have been used as a measure of the critical stress
intensity KIC arresting the crack. More than 20 different equations of
type:
KIFT = KIC = χBPc
−n
max, (5.8)
are compiled in the literature (see, e.g., Refs. [33], [157], [158]), where
KIFT is the indentation fracture toughness, χB is the residual stress factor
at the crack-tip and cmax is the crack length on arrest. Most frequently, for
median radial cracks those of Anstis et al. [171], Miyoshi [172] and Niihara
[173] are used, which have n = 3/2 and χB = 0.0016(E/HV )1/2 [171],
0.0018(E/HV )1/2 [172] and 0.0309(E/HV )1/2(E/HV )2/5 [173], respectively.
For other radial crack types, such as Palmqvist cracks (crack opens
at the corner of the indent with length l = c - a), n = 1/2 and χB
= 0.0123P −1/2(E/H−1/4V )
2/5 [173] are proposed. All these equations
use numerical calibration constants that result from a forced fitting of
indentation induced crack length data of a different set of brittle materials.
Two concerns need to be addressed when applying eq. 5.8 to crack length
data of soda-lime-silica glasses. Firstly, our analysis clearly indicate
that shortly (≈1 s) after indentation SCCG obeys region I, that is crack
propagation is controlled by the reaction between atmospheric water and
glass at the crack-tip. Secondly, we show that crack propagation rates
are broadly distributed even when a constant indentation protocol is
used. Hence, applicability of eq. 5.8 seems to be restricted to indentation
testing in water-free environments, such as vacuum and toluene and
the use of statistical significant data. The environmental sensitivity of
eq. 5.8 goes in line with the observation that the “arrest” length cmax of
indentation-induced radial cracks increases and KIFT apparently decreases
with increasing humidity, when a stress calibration is not performed [163].
Further, if χB in eq. 5.8. is expressed by the hardness-to-Young’s modulus
ratio [171]–[173] another environmental dependency becomes effective as
softening (an increase of the indent diagonals) is reported for hardness
tests in humid atmospheres [119], [174]–[176]. On the other hand, our
results show that indentation toughness methodology can be used for
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probing fracture susceptibility, in small-scale glass specimens [32], if
environmental influences can be ruled out and calibrated residual stress
factors are used.
5.5 Conclusions
SCCG of median radial cracks in a soda-lime-silica glass is broadly
distributed when induced by Vickers indentation. Averaging the crack
propagation rates over a statistical significant number of cracks appears to
be a promising approach to determine stress intensity at the crack-tip with
higher accuracy. The results show that the validity of KIC(cmax) relations
used to determine the indentation fracture toughness is questionable as
the propagation rates, even under dry conditions of 1% RH, are controlled
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Abstract
To explore the impact of ambient and structural water on static
fatigue, the initiation and growth of 3279 Vickers induced median radial
cracks were automatically recorded and analyzed. We find that humidity
is more efficient in initiating cracks and promoting their growth than
water, which is dissolved in the glass structure.
In particular for slow crack growth (< 10−6 m s−1), tests in dry nitrogen
showed a considerable decrease in the crack growth exponent with
increasing water content of the glasses. On the other hand, if tests were
performed in humid air, the crack exponent was independent of the
water content of the hydrous glasses, while stress intensity decreased
slightly. These observations indicate that water promotes the processes
at the crack-tip regardless of its origin. However, ambient water is more
efficient.
6.1 Introduction
Water is omnipresent at glass surfaces. In particular at the crack-tip,
where vapour and liquid water (due to capillary condensation) can react
with the stressed glass network. However, the glass-water interaction is
complex and not adequately understood, although the control of such
environmental reactions at the crack-tip is essential for improving the
practical strength and the endurance limit of glassy products.
The basic idea of studying hydrous glasses is to create a situation where
water species (hydroxyl groups and water molecules) are already present
in the glass structure and to confront them with environmental water
molecules reacting at the crack-tip. This approach requires several steps.
Firstly, water-containing glasses must be synthesized to shed light on
the influence of dissolved H2O on the glass structure. The structural
effects depend on the composition as was shown by previous studies on
borate [50], borosilicate [24], [52], silicoborate [177], phosphate [178],
aluminosilicate [179], and soda-lime silicate glasses [175]. Secondly,
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volumetric and mechanical properties of hydrous glasses need to be
investigated. Due to their technical importance, these investigations were
carried out on soda-lime silicate glasses [175]. For a microscope slide glass,
it was found that density, elastic moduli and Vickers hardness decrease
with increasing water content, whereas the Poisson’s ratio and the water
content of the hydrous glasses are positively correlated. On the one hand,
the trends reported by previous work reflect the non-linear change in the
concentrations of hydroxyl groups and water molecules in the glasses. On
the other hand, the properties were found to be environmentally sensitive,
if the glass surface was involved, e.g., during indentation hardness
measurements. It was observed that for dry glasses in humid atmospheres
and for hydrous glasses in dry atmospheres, the indent size changed
with the duration of the indentation, indicating that water was capable
to relax stressed bonds in both scenarios. Particularly, the response
times of dissolved water species coming from the environment and those
being dissolved in the glass structure were found to be effectively equal.
Recently, the hydrous glass approach was applied to capture stable crack
growth in a nominal dry (0.13 mol% H2O) and a hydrous microscope
slide glass (17.08 mol% H2O) using the double cantilever beam (DCB)
technique [36]. Under vacuum, crack propagation rates > 10−7 m s−1 in
the hydrous glass were shifted to higher stress intensity, whereas under
humid environment (air) crack propagation rates of the hydrous glass
were shifted to lower stress intensity with respect to the dry glass. The
apparent toughening effect of the dissolved water in the glass under
vacuum was explained by higher energy dissipation during fracturing.
Water-related internal friction bands observed in dynamic-mechanical
spectroscopy studies [29], [36] supported this idea. With respect to the
behavior in air, it was suggested that the dissipation mechanism was
overwhelmed by environmental water, which led to the weakening, i.e. a
decrease in stress intensity [36].
With this background, the hydrous glass approach was employed
in this study with respect to the subcritical growth of Vickers induced
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median radial cracks. A series of 5 microscope slide glasses with water
contents ranging from 0.75 to 17.08 (mol%) was tested in two different
environments (dry N2 gas and air) to explore water-dependent effects.
In spite of the limitations due to unknown amplitude of the residual
stress field in this case, the technique of indentation allowed, in principle,
automated experiments as well as automated data processing and analysis
[35]. Thus, to demonstrate statistical significance, the growth of in total
3279 cracks was recorded (= 6.165 million frames) and automatically
analyzed to determine the mean crack length within the first minute of
propagation of each glass with high accuracy.
6.2 Experimental
6.2.1 Preparation of hydrous glasses
Samples of hydrous soda-lime silicate glasses from a previous
study were used [175]. These were synthesized from com-
mercial microscope slides (MSG) with a molar composition
SiO2/Na2O/CaO/MgO/Al2O3/K2O/(Fe2O3/TiO2) = 73.2/13.3/6.6/6.2
/0.5/0.2/(0+) as analysed by X-ray fluorescence (Axios, PANalytical).
Oxides in parentheses were present in a nominal molar amount <0.05.
Hydration was performed using an internally heated pressure vessel
(IHPV) in which welded Pt-capsules were placed. Samples were heated
to 1673 K at a pressure of 500 MPa for 20 h. The Pt-capsules were
filled with powder of the crushed MSG glass and the required amount
of water. Details of the hydration procedure using the IHPV apparatus
were provided in [124]. The water contents were analyzed using Fourier
transformed infrared spectroscopy and Karl-Fischer-titration. The results
of these characterizations were published in [175]. Two platelets of
approximately 20×5×1 mm3 in size with diamond polished surfaces
(< 1 µm) were prepared from each hydrated glass for placing Vickers
indentation. The glasses were labelled 0W-MSG500 (0.75; 0), 1W-
MSG500 (3.15; 0.214), 2W-MSG500 (5.89; 0.374), 4W-MSG (11.62; 0.605)
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and 6W-MSG500 (17.08; 0.739). The names refer to the nominal water
content in wt% and the synthesis pressure in MPa, e.g., 4W-MSG500 =
4 wt% water, 500 MPa. The first value in parentheses behind the name
indicates the analyzed water content in mol%, while the second value is
the ratio cH2O/(cOH + cH2O) where cH2O and cOH represent the contents
of water dissolved as molecules and hydroxyl groups, respectively, in the
glass structure [175].
6.2.2 Automated data processing of Vickers in-
duced crack growth
To initiate radial crack growth in the hydrous glass samples, the surfaces
were indented with a Vickers diamond under a fixed load of 17.66 N
using an universal hardness testing machine (ZHU 2.5, Zwick&Roell, Ulm,
Germany). The automated protocol included a loading and unloading
step of 5 s each (resulting in an (un)loading rate of ± 3.53 N s−1) and
a dwell time of 15 s (figure 6.1). Crack initiation and propagation were
observed through a long distance objective at a magnification of 20x (N
PLAN L, Leica, Wetzlar, Germany) of an inverted microscope (DM-ILM,
Leica, Wetzlar, Germany) and recorded with a 5.3 megapixel CMOS
sensor of a monochrome camera (PL-D725MU-T, PixelINK, Ottawa,
Canada). The microscope was positioned directly below the hardness
tester and the tip of the Vickers diamond was aligned to be parallel
to the optical axis of the microscope. To increase the stiffness of the
experimental setup, a steel plate with a thickness of 20 mm replaced the
original microscope table. For each of the 62–143 indents per sample a
video was recorded at an acquisition rate of 30 frames per second for
durations of 60 s (=1800 frames) or 65 s (=1950 frames). The start of
the image acquisition was triggered by a LabView script at the beginning
of the unloading ramp (t = 0). The videos were recorded without any
compression as .seq files using the TroublePix software (Norpix, Montreal,
Canada). Decomposition of the videos into single Tagged Image File
Format (.tiff) files was carried out using the BatchProcessor software
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(Norpix, Montreal, Canada). Each .tiff image was automatically analyzed
via a self-written MatLab code (Mathworks, Natick, MA, USA) that
was capable to measure the Euclidean distance between the center of
the indent and the tip of the corner cracks for each crack of the single
images. The detection of the crack tip was performed using the grey
scale values. Lengths determined by the automated analysis were in
excellent agreement (< 2 µm) with scanning electron microscope (SEM)
measurements.
Figure 6.1: Scheme of the load-time curve of the Vickers indentation. Automated
image acquisition was triggered at the start of the unloading ramp. Radial cracks at
the corner of the indent were observed to grow after a delay time δ.
To study the impact of humidity, the measurements with the above
setup were carried out in two different environments. On the one hand,
the indentations were conducted in a glovebox (labmaster130, MBraun,
Garching, Germany) providing a dry nitrogen atmosphere with a H2O
partial pressure pH2O ≤ 30 Pa at 25 °C. On the other hand, the second
platelet of each specimen was measured in a cleanroom with a constant
humidity of 942 Pa vapor pressure at 18 °C. Humidity in the glovebox
was monitored with a dew point sensor (Michell Instruments, Easydew
EA2-TX, Ely, UK) connected to a data logger (Ahlborn, Almemo 8590-9,
Holzkirchen, Germany). In the cleanroom humidity was monitored using
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a FHAD462 sensor connected to an Almemo 2470-2S data logger (both
Ahlborn, Holzkirchen, Germany).
6.3 Results
Table 6.1 summarizes the total number of median radial cracks that were
initiated during Vickers indentation and counted at the end of the video
acquisition of the series in dry environment at 60 s and of the series in
humid environment after 65 s, respectively. Representative images of
Vickers induced cracks and their growth by video capturing were presented
in a previous paper [35]. According to Wada et al. [161], the probability
of crack initiation was determined by the crack number-to-corner number
ratio, with 4 corners per indent z of the Vickers diamond. Inspection
of table 6.1 reveals that the probability of crack initiation was higher
for each glass when tested under the humid conditions of the cleanroom.
Under the dry conditions of the glovebox, the frequency of initiated cracks
first decreases with the water content to about 48% (4W-MSG500) and
then increases to approximately 82% for the glass with the highest water
content. Under humid conditions, the probability of crack initiation does
not depend significantly on the water content of the glass.
Table 6.1: Total number of cracks initiated after 60 s (N60s) and 65 s (N65s),
number of indents (z) and the probability of crack initiation F60s and F65s.
Glass Vapor pressure pH2O = 30 Pa Vapor pressure pH2O = 942 Pa
N60s z F60s N65s z F65s
0W-MSG500 183 62 0.736 402 126 0.796
1W-MSG500 294 121 0.606 339 111 0.762
2W-MSG500 324 135 0.599 339 118 0.717
4W-MSG500 259 135 0.479 370 121 0.763
6W-MSG500 467 143 0.815 302 92 0.819
In order to analyse a possible delay in crack initiation in more detail,
cumulative frequency functions F (δ) were generated for each glass (figure
6.2). This was done by arranging the delay of each crack in ascending
order (δ1 ≤ δ2 ≤ δ3 ≤ ... ≤ δN , the minimum first and the maximum last)
followed by relating its rank number Ri to the total number of possible
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cracks (4z). With the commonly used median rank approximation of




for i = 1, ..., 4z, (6.1)
For example, F = (1-0.3)/(4×62+0.4) = 0.0028 for the first crack (δ =
1.03 s) of 0W-MSG500 (pH2O = 30 Pa), while F = (183-0.3)/(4×62+0.4)
= 0.736 for the latest crack (δ = 59.87 s). Under humid conditions,
cracks initiation for all glasses occured almost completely while unloading
(δ < 5 s). When tested in dry nitrogen gas, differences in the temporal
evolution of crack initiation between the nominally anhydrous and hydrous
glasses were evident. With increasing water content, crack initiation
becomes increasingly delayed and often occurs after the unloading is
completed (δ > 5 s). In summary, figure 6.2 clearly shows that humidity
shortens the delay time.
Figure 6.2: Cumulative frequency distribution F (δ) of the number of initiated
cracks tested in dry (A) and humid (B) environments. Lines connecting data points
are intended as visual guides.
In order to analyze crack growth in detail, the propagation time
(t - δ) was calculated by subtracting the delay δ from the acquisition
time t for each crack. Figure 6.3 primarily shows that the crack length
strongly depends on the H2O partial pressure, which has been noted
already in previous studies [163], [176]. After 55 s, cracks reached about
70–120 µm under dry conditions, whereas in the humid environment,
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crack lengths in the range 100–160 µm were detected. Further, large
differences in the initial propagation rates from crack to crack are evident,
leading to a broad distribution of crack lengths already shortly after their
initiation (< 5 s). This feature underlines the demand of analyzing crack
propagation using large data sets with N > 200 [35].
Figure 6.3: Length versus propagation time of cracks grown in hydrous glasses in
30 Pa partial pressure of H2O (A) and in 942 Pa partial pressure of H2O (B).
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Figure 6.4 exemplarily shows cumulative distribution functions of the
crack length c50s (t - δ = 50 s). Cumulative frequency analyses using
CumFreq (www.waterlog.info/cumfreq.htm) software indicated that c50s
were consistent with a Weibull distribution for all glasses and environments.
Two-parameter Weibull distributions (F = 1 – exp[-(c50s/cm)β] with scale
parameter cm and shape parameter β) were fitted using the OriginPro
2019 software (OriginLab, Northampton, MA, USA) with median-rank
regression (MRR) and maximum likelihood estimators (MLE). For MRR,
data series were generated by arranging the length c50s of each crack in
ascending order while simultaneously relating its rank number Ri to the




for i = 1, ..., N. (6.2)
MLE does not make use of data sorting, which could lead to self-
correlation of the data. In this case, data points in figure 6.4 were
plotted according to median ranks and the lines according to the MLE
solutions. Graphs of the confidence interval of figure 6.4 were used to
give preference for either MRR or MLE solutions. Results of the fitting
procedure were compiled in table 6.2. These fitted Weibull distributions
were found to be negatively skewed and of small tail. It is noteworthy
that independent from the fitting procedure a few short and long cracks
outside the 95% confidence interval are present in most hydrous glasses
(figure 6.4B). One should note that a more rigorous analysis of fracture
data requires unbiasing factors, which must be calculated for any specific
Weibull distribution, see e.g. ASTM C1239-06a. The unbiased MLE
treatment improves the size of the confidence intervals, whereas for large
datasets it affects only marginally the fit parameters cm and β.
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Figure 6.4: Cumulative frequency F of the crack length c50s in dry and humid
environments (A). Part (B) shows corresponding Weibull plots of cumulative
frequencies. Solid lines are the best fit (MRR and MLE) through the data with
parameters compiled in table 6.2, while dotted lines are 95% confidence intervals.
Yellow stars indicates the mean crack length cav.
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Table 6.2: Scale parameter cm, shape parameter β , skewness parameter K,
standard deviation σ and mean length cav of Weibull distributed crack lengths c50s
(propagation time t - δ = 50 s). The skewness parameter K calculates as K = (cav -
cm)/σ. Weibull distributions were fitted using median-rank regression (MRR) and
maximum likelihood estimators (MLE).
Glass Vapor pressure pH2O = 30 Pa Vapor pressure pH2O = 942 Pa
cm (µm) β −K σ (µm) cav (µm) Method cm (µm) β −K σ (µm) cav (µm) Method
0W-MSG500 92.26 17.23 0.39 6.40 89.46 MRR 128.32 19.08 0.39 8.09 124.77 MRR
1W-MSG500 93.04 19.08 0.39 5.87 90.47 MLE 130.69 23.89 0.41 6.66 127.75 MRR
2W-MSG500 92.94 19.31 0.39 5.80 90.39 MLE 132.57 21.32 0.40 7.53 129.26 MRR
4W-MSG500 96.76 25.43 0.41 4.65 94.71 MLE 136.95 33.28 0.42 5.08 134.70 MRR
6W-MSG500 106.04 32.34 0.42 4.05 104.25 MRR 142.15 30.67 0.42 5.71 139.62 MRR
Distributions of randomly selected propagation times indicated that
the small skewness of the Weibull distributions of figure 6.4 is typical, i.e.
−K is nearly constant (0.39–0.41). Hence, the mean length cav instead
of the modal length cm of cracks was taken to simplify the evaluation
of the crack propagation rate within these limits. Figure 6.5 shows that
the crack growth is largely influenced by the humidity. After 50 s of
propagation, cracks have reached mean lengths in the range of 90–104 µm
at low H2O partial pressure and 125–139 µm under higher pH2O. Within
the two series, a trend of longer cracks at higher water content of the
glasses is evident.
A two-phase exponential growth model was used to describe the
dependence of average crack length on propagation time since a single-
phase power-law [146], [162]–[164] noticeably overestimates the early stage
(t − δ) ≤ 5 s of most tests in higher humidity. The fitting procedure was
carried out for cav data of each glass and testing environment of figure
6.5, which resulted in smoothed crack length data of the form:













where c∞, S1, t1, S2 and t2 are adjustable parameters. The mean crack
propagation rate νav was derived by taking the first derivative with respect

























Figure 6.5: Mean crack length cav as a function of the propagation time (t - δ). Solid
lines are best representation of data as fitted by equation 6.3 with R2=0.977-0.999.
6.4 Discussion
Figure 6.2 highlights the environmental sensitivity of crack delay times.
To check if an additional influence of the water speciation on crack delay
is present, crack initiation probabilities for δ = 1, 2, 3, 6 and 60 s were
extracted from figure 6.2 and plotted versus the ratio of dissolved water
molecules to total water content of the hydrous glasses (figure 6.6). On one
hand, figure 6.6 shows that the influence of the water speciation is almost
constant with time, i.e. the crack initiation probability develops almost
uniformly. On the other hand, figure 6.6A indicates a lower probability of
crack initiation of glasses in which dissociated H2O and water molecules
are present in equal fractions. The latter would imply that OH-groups
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delay cracking while water molecules speed up cracking. Reasons for this
compositional effect need to be addressed in a future work. However,
one has to note that similar patterns have been found for density and
mechanical properties of hydrous glasses, where OH initiated an increase
in the elastic moduli, whereas the trend caused by water molecules was
the opposite [175]. Further, one has to stress that this analysis is limited
to a time maximum of one minute, which rules out effects taking place
during longer observation times. For instance, Bechgaard et al. [167]
reported that initiation of radial cracks in calcium aluminosilicate glasses
was shorter when tested in humid atmospheres, but proceeded within 24
hours after indentation.
Figure 6.6: Temporal evolution of the crack initiation probability as a function of
the water speciation in low (A) and high (B) humidity.
The stress intensity KI at the tip of median radial cracks, which




with χ = residual stress factor, P = load and m = crack length
exponent. A recent attempt to calibrate KI of 185 single cracks revealed
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that χ and m are broadly distributed. Mean values and standard
deviations of the m and χ distributions comprising 185 cracks were
= 1.47±0.44 and 0.052±31.3, respectively [35]. The value of the mean
exponent (1.47 ≈ 3/2) confirmed theoretical considerations for a point
loading indenter [129], [155], [156]. In contrast, the value of the residual
stress factor χ is specific and accounts for the elastic-plastic properties of
the glass, the angular position along the crack front and the environmental
condition of the fatigue experiment. As humidity levels and glass
compositions of this study differ from that of [35], χ = 0.052 is not
applicable here and χ remains a tunable parameter. If one assumes
that the residual stress factor χ scales with the square root of the
Young’s modulus-to-hardness ratio (E/HV )1/2 [171], [172] and setting χB









The calibration factor χB accounts now mainly for the environmental
reactions at the crack-tip. Thus, an interrelation between stress intensity
KI/χB and the mean crack propagation rate vav can be established by
plotting vav calculated with equation 6.4 versus the right-hand side of
equation 6.6. For the determination of KI/χB, Young’s modulus E of each
hydrous glasses was taken from a previous study [175] and hardness was
calculated using the mean value of the half diagonal length a of the Vickers
indent as recorded for t < δ. (For instance, see data points at t − δ ≈ 0
of figure 6.2A for a, while Vickers hardness is HV = P/(2.157×10−3a2)
in units of HV (GPa), P (N), and a (µm). Figure 6.7 shows that in this
Wiederhorn diagram [12], [147], humidity clearly shifts the lines towards
lower stress intensity values and within the two series, KI/χB decreases
with increasing water content of the glasses. Figure 6.7 also displays that
the slope n (n = lg(νav)/lg(KI/χB)) of the lines is affected by the testing
conditions. For the series tested under high pH2O (942 Pa), it is found that
n = 20–27, whereas for the glasses tested in low humidity, n increased
from 23 to 88 with decreasing water content (table 6.3). Noticeably, the
hydrous glass 4W-MSG500 shows two segments. A first segment at the
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early stage of the crack propagation (νav > 2 × 10−7m s−1) of n = 68
and a second segment at the later stage of n = 16. Values of n in the
range from 16 to 27 were reported for crack growth, which is controlled
by the reaction of water molecules of the environment with the glass at
the crack-tip (so called stage I reactions) [12], [147], [181]. In contrast,
higher values are typical for water-independent crack propagation (stage
III reactions) [12], [20], [147], [181].
Figure 6.7: Mean crack propagation rate vav versus uncalibrated stress intensity
KI/χB. Lines of slope n (as indicated) are best linear fits through data. Error bars
show standard deviation of the crack length distributions of table 6.2
Based on this classification, one can assign 0W-MSG500, 1W-MSG500
and 2W-MSG500 to stage III reactions at low pH2O of the glove box
(30 Pa), while the more hydrous glasses 4W-MSG500 (at least at low
propagation rates) and 6W-MSG500 show already stage I reactions. This
implies that for hydrous glasses of high water contents, dissolved water
promotes crack growth in a similar way as water molecules originating
from the gas phase. One explanation for this would be that water readily
escapes from the freshly fractured surface of hydrous glasses increasing
the pH2O of the vapor at the crack tip similar to the stress-induced
emission of sodium during the fracture of anhydrous soda-lime silicate
glass [182]. This effect was related to the local stress increase during
crack propagation and can result in an increased sodium concentration at
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the fractured surface, thus triggering local glass corrosion [183]. Another
explanation would favour friction of an adhesive water film that is formed
by allocated water at the surfaces near to the crack-tip [145], which would
drop the precondition of water evaporation from the hydrous glass surface
into the vapor phase. However, more research is needed to provide new
evidence in support of these explanatory attempts.
Table 6.3: Crack growth exponent n of the equation vav = A(KI/χB)n and ν =
AKnI of Vickers induced and DCB cracks in soda-lime silicate glasses, respectively.
To assure comparability with data of previous studies, n was collected from Refs.
[36], [147], [181] for crack propagation rates in the range 10−8–10−5 m s−1 only. Key:
aSoda-lime silicate (SLS) glass of different compositions.
Ref. [36] [147] [147] this work [36] this work [36] [181] [147] [181]
pH2O (Pa) 10−6 30 661 942 1132
T (°C) 23 25 25 25 23 18 23
RH (%) ≈ 10−8 0.017 0.2 1 24 45 40 50 100 liq. H2O
Glass xH2O(mol%)
SLSa ≈ 0.1 91 (ν >2×10
7)
25 18.1±1.6 21 16.4±0.8
27 (v <2×107)
0W-MSG0 0.13 148 16±1 16±1
0W-MSG500 0.75 88±2 20±1
1W-MSG500 3.15 72±2 20±1
2W-MSG500 5.89 68±2 22±1
4W-MSG500 11.62 68±2(ν >2×107) 27±1
16±1(ν <2×107)
6W-MSG500 17.08 16 23±1 14±3 24±1
Figure 6.7 shows that the calibration factor χB is close to 0.01 as the
critical stress intensity KIC is about unity for dry and hydrous soda-lime
silicate glasses [36], [147], [181]. However, the true value of χB of the
individual glasses is still unknown and for its determination a calibration
procedure has to be applied [31], [32], [35]. Figure 6.8 shows such an
attempt for 6W-MSG500, as for this glass stable crack growth in air and
vacuum was studied earlier using double cantilever beam geometry (DCB)
[36]. Due to the large scatter in the DCB data, however, reconciliation of
both datasets while respecting the order of decreasing KI with increasing
humidity is difficult and it does not result in more precise identifications
of χB.
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Figure 6.8: Mean crack propagation rate vav (N = 259 and 370) and crack
propagation rates ν of single cracks (stress calibrated DCB specimen) of the hydrous
glass 6W-MSG500. Stress intensities KI of the Vickers induced νav data of this
study are shown for χB = 0.008 (red dots), 0.009 (green dots) and 0.010 (blue dots).
Partial pressure of H2O as indicated. DCB data from Waurischk et al. [36]. Error
bars show standard deviation of the crack length distribution of Table 6.2.
6.5 Conclusions
Automated recording and analysis of a large number of Vickers induced
cracks is a promising route to determine the crack growth exponent with
higher accuracy. Water is found to promote slow (<10−6 m s−1) crack
growth independently of its origin. However, water molecules of the
environment are more efficient in reducing stress intensity than dissolved
water species of the glass structure. When tested in low partial pressure
of H2O, hydrous glasses show a noticeable decrease in the crack growth




The study presented in chapter 3 shows that the incorporation of up to
22 mol% water into soda-borosilicate glass networks decreases the glass
transition temperature Tg. The decrease of the reduced glass transition
temperature T ∗g (i.e., T
∗
g = Tg,hydrous / Tg,dry) can be expressed for each
water species by the three component models of Tomozawa and Deubener
[40], [51]. Furthermore, it was demonstrated that water has an influence
on the mechanical relaxation in soda-borosilicate glasses. Thereby, water
is not only decreasing the temperature of the α-relaxation but also that
of sub-Tg relaxations, i.e. β-relaxation. It was also shown that for the
β-relaxation two different modes can be distinguished, which were then
correlated to the water speciation in the glasses. These findings confirmed
earlier observations for other glasses made by Day and Reinsch et al.
[29], [65]. In comparison to the latter, in the analyzed soda-borosilicate
glasses the second β-relaxation mode, i.e. βH2O, was present for water
concentrations >3 wt% only. Because this type of relaxation was found
to be present at temperatures of approximately 330 K, β-relaxation
might also occur even close to room temperature, at least in near surface
regions of glasses that are subject to hydration [24] or in the vicinity of
the crack tip, where it is known that water can enter the glass network
and is transported to [12], [23].
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Chapter 4 showed that the Poisson’s ratio νP is positively correlated
with the water content for soda-lime silicate glasses with up to 21.5 mol%
water, whereas density and the elastic moduli decrease with increasing
water contents in the glass structure, except for the bulk modulus. For the
Vickers hardness a decrease of 27% from the dry glass to the most hydrous
glass was observed, while the decrease in Young’s modulus was found
to be >20%. The decreasing influence of water on the latter properties
can be described as non-linear for water contents <3 mol%, thereby
reflecting the non-linear changes of the species concentrations, along with
a change of weak to strong hydrogen bonds [94], [115]. For water contents
>3 mol% the properties change linearly with increasing water content.
To test the effect of both humidity and structurally bound water on
the hardness, Vickers indentations were performed in air, nitrogen gas
and toluene. Thereby a time-dependent softening effect was observable
for the test of hydrous glasses in dry atmospheres and the test of dry
glasses in a humid atmosphere, indicating that the response times of
the dissolved water species are equal in both scenarios. The existence of
the time-dependent softening effect confirms the observations made by
Kranich and Scholze [118], [119] and further indicates that water in the
glass structure is capable to relax stressed Si-O-bonds effectively, even
at room temperature. Thus, the relaxation of hydrated zones around
a propagating crack tip might have a substantial impact on the crack
propagation in glasses [45].
Beyond the observations described by chapter 4, the water-induced
changes in Poisson’s numbers of the MSG glass series may also change
the response of the glasses, i.e. densification (small νP ) vs. conservative
shear-flow (high νP ), when exposed to compressive stresses that occur
during hardness measurements with an indenter, as suggested by Rouxel
et al. [184]. In further studies, Rouxel et al. [185], [186] report that the
driving force for crack growth can be calculated for the various crack
patterns of indentation fracture by superimposing a Boussinesq [187]
stress field with a Yoffe [188] stress field. By plotting the E/H-ratio
(with E = Young’s modulus and H = hardness measured with a sharp
108
indenter, e.g. Vickers, Knoop, Berkovich) over the Poisson’s ratio νP
into such superimposing fields, the driving force for crack growth can be
estimated. Figure 7.1 presents the superimposing Boussinesq and Yoffe
fields for radial cracks in an indentation cracking map. The data inserted
into the indentation cracking map of fig. 7.1 represent the hardness, νP
and Young’s modulus data of the MSG glass series that were measured
in chapter 4 of this thesis.
Figure 7.1: Indentation cracking map of the MSG glass series for radial cracks
(i.e., σφφ(Θ = 2/π)/H, for further details see [186]). The red squares represent the
data of the glasses for which the hardness measurements were carried out in the
cleanroom (≈ 942 Pa water vapor pressure). The blue squares represent the MSG
glasses that were measured in the glovebox (≈ 30 Pa water vapor pressure). The
data show that the driving force for radial cracks increases upon hydration of the
glasses.
Figure 7.1 shows that the driving force for the radial cracks is
increasing with an increasing water content. Thus, the indentation
cracking map supports the observation of the increasing crack lengths
upon hydration made in chapter 6 of this thesis.
In chapter 5 a statistical analysis of 185 Vickers induced radial cracks
in a soda-lime silicate glass, which were initiated in an atmosphere with
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1% RH, revealed that the crack propagation rates are controlled by the
environmental reaction at the crack tip shortly after crack initiation (i.e.
< 1 s). A calibration of the stress intensity factor KI showed that both,
the residual stress χ as well as the exponent n of the expression KI =
χPc−n(where P = load and c = crack length) exhibit a broad distribution
covering ranges from 10−16 to 104 for χ and from 0.1 to 5 for n. These
results indicate that the use of equations relating the crack lengths of
Vickers induced radial cracks to KIC-values is not straightforward since
the crack propagation rates of such cracks are controlled shortly after the
initiation. In context with the existing literature of Quinn & Bradt [31],
Gong [170], Vullo & Davis [189], Marshall [32] and the recent publication
of Cook [34], the approach developed in the study may contribute for
a more concise assessment of indentation fracture toughness methods.
However, for a precise calibration of the residual stress factor χ and crack
exponent n, it is still necessary to measure KI using standard methods
such as double cantilever beam, double cleavage drilled compression or
single edge precracked beam, i.e. the developed approach is not capable
for a full replacement of such measuerements.
The statistical approach presented in chapter 5 was used to investigate
the crack initiation and growth for hydrous soda-lime silicate glasses as
presented by chapter 6. For this purpose, 3279 Vickers induced radial
cracks that were initiated in hydrous glasses, were analyzed based on the
findings made in chapter 5. Measurements in atmospheres with different
humidities revealed that humidity is more efficient than structurally
bound water in controlling crack initiation and growth. The data of
hydrous glasses measured in dry nitrogen indicate that structural water
decreases the crack growth exponent, while the latter remains constant if
the glasses are measured in humid air. This observation indicates that
water promotes subcritical crack growth in glasses independent of its
origin, i.e. from the environment or from the glass structure. However,
the observed decrease in the crack growth exponents from 88 to 20
further indicates a change of the reaction stage from stage III to stage I
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reactions1. While stage I is controlled by the reaction of water molecules
of the environment with the glass at the crack tip, crack propagation in
stage III is typically independent of water. The observation of this change
in reaction mechanism confirms a recent study of Waurischk et al. [36],
who also observed a decreasing crack growth exponent with an increasing
water content. The authors assume that water molecules escape from the
freshly fractured surface and increases the local water vapor pressure in
the vicinity of the crack tip, similar to the observation of stress-induced
sodium emission of Celarie et al. [36], [183].
1In this case the term reaction stage refers to the classification of the different regions in the ν − K -






In the present thesis the influence of water on the process of subcritical
crack growth in silicate glasses was analyzed. Therefore, the processes
at the crack tip that take place during crack propagation in a humid
environment were mimicked by dissolving water into the glass structure.
Based on quantitative and qualitative analyses of the mechanical
relaxation, the elastic properties, the hardness and the in-situ observation
of the crack propagation in hydrous glasses, the results indicate that
structurally bound water contributes to the process of (subcritical) crack
growth in silicate glasses. However, the results also show that the influence
of structurally bound water on the crack propagation in glasses is a subtle
but complex superposition of changes in the mechanical properties, i.e.
the mechanism and temperature of mechanical relaxations, changes in the
elastic properties and changes in crack growth mechanisms, ultimately
affecting the crack propagation. Based on the studies that are presented
by this thesis and with respect to the aim of this thesis, the following
general conclusions were drawn:
• Water in the glass structure decreases the stress intensity factor KI of
soda-lime silicate glasses and promotes crack propagation. However,
the reduction of the stress intensity factor caused by structurally
bound water, and most probably water molecules, is less pronounced
than the decrease caused by water molecules originating from the
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gas phase. This observation indicates that the effect of structurally
bound water on the fracture of common glass products, having water
contents of approximately 0.04-0.05 wt% [103], [104], is superimposed
by the influence of water originating from the gas phase, i.e. humidity.
• The observed decrease in Young’s modulus for soda-lime silicate
glasses, which is particularly induced by water molecules, can be
considered for the description of the mechanical properties in the
vicinity of a crack tip. According to Griffith [16], the decrease in
Young’s modulus contributes to a decrease in critical stress, thus
reflecting the decrease in KI in the presence of water molecules.
• A time dependent softening effect during indentation hardness
measurements is present in hydrous soda-lime silicate glasses in-
dependent of the origin of water, i.e. structural water or humidity.
This emphasizes the findings that mechanical relaxations (i.e. β-
relaxation), especially induced by water molecules, in hydrous glasses
can take place already close to or at room temperature. Since the
propagation of a crack involves the formation of new surface areas,
particularly at the flanks and the tip of a propagating crack, the
mechanical relaxations related to the hydration of these surfaces may
affect the crack propagation rate [23], [25], [28], [41].
• In-situ observation of Vickers induced crack initiation and growth
coupled with automated data processing allows for the generation of
statistically significant datasets. Considering a statistically significant
number of data appears as a more reasonable approach for the
estimation of fracture mechanical parameters, i.e. KI , than the
application of standard equations (see, e.g. [33], [171]–[173]) that
relate the length of Vickers induced radial cracks to KIC . However,
since the propagation rates of Vickers induced cracks are controlled
shortly after crack initiation, it also appears reasonable to analyze
crack initiation and growth of Vickers induced cracks as separate
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